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PREFACE, 


These  Lessons  in  Electricity  and  Magnetism  are  in- 
tended to   afford   to   beginners   a   clear   and   accurate 
knowledge  of  the  experiments  upon  which  the  Sciences 
*J    of  Electricity   and    Magnetism  are  based,  and  of  the 
^     exact  laws  which  have  been  thereby  discovered.     The 
^     difficulties    which   beginners    find    in   studying    many 
-^   modem   text -books   arise   partly   from   the   very   wide 
*^    range  of  the  subject,  and  partly  from  want  of  famili- 
arity  with   the   simple  fundamental  experiments.     We 
have,  at  the  outset,  three  distinct  sets  of  phenomena 
to    observe,   viz. — those   of    Frictional    Electricity,    of 
Current  Electricity,  and  of  Magnetism ;  and  yet  it  is 
impossible  to  study  any  one  of  these  rightly   without 
I  knowing  something  of  them  all.     Accordingly,  the  first 

j    .         three  Chapters  of  this  work  are  devoted  to  a  simple 
exposition  of  the  prominent  experimental  facfs  of  these 
three  branches  of  the  subject,  reserving  until  the  later 
*  Chapters  the  points  of  connection  between  them,  and 

',  such  parts   of  electrical  theory  as  are  admissible  in  a 

f  strictly  elementary  work.      No   knowledge   of  algebra 

[^  beyond  simple  equations,  or  of  geometry  beyond  the 

first  book  of  Euclid,  is  assumed. 
t  A  series  of  Exercises  and  Problems  has  been  added 

If  at  the  end  of  the   Book  in   order   that  students,  who 
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so  desire,  may  test  their  power  of  applying  thought  to 
what  they  read,  and  of  ascertaining,  by  answering  the 
questions  or  working  the  problems,  how  far  they  have 
digested  what  they  have  read  and  made  it  their  own. 

Wherever  it  has  been  necessary  to  state  electrical 
quantities  numerically,  the  practical  system  of  electrical 
units  (employing  the  volt^  the  okm^  and  the  amplre^  as 
units  of  electromotive -force,  resistance,  and  current, 
respectively)  has  been  resorted  to  in  preference  to  any 
other  system.  The  Author  has  adopted  this  course 
purposely,  because  he  has  found  by  experience  that 
these  units  gradually  acquire,  in  the  minds  of  students 
of  electricity,  a  concreteness  and  reality  not  possessed 
by  any  mere  abstract  units,  and  because  it  is  hoped 
that  the  Lessons  will  be  thereby  rendered  more  useful 
to  young  telegraphists  to  whom  these  units  are  already 
familiar,  and  who  may  desire  to  learn  something  of  the 
Science  of  Electricity  beyond  the  narrow  limits  of  their 
own  practical  work. 

Students  should  remember  that  this  little  work  is  but 
the  introduction  to  a  very  widely-extended  science,  and 
those  who  desire  not  to  stop  short  at  the  first  step  should 
consult  the  larger  treatises  of  Faraday,  Maxwell,  Thom- 
son, Wiedemann,  and  Mascart,  as  well  as  the  more 
special  works  which  deal  with  the  various  technical 
Applications  of  the  Science  of  Electricity  to  the  Arts 
and  Manufactures.  Though  the  Author  does  not  think 
it  well  in  an  elementary  text-book  to  emphasize  particular 
theories  on  the  nature  of  Electricity  upon  which  the 
highest  authorities  are  not  yet  agreed,  he  believes  that 
it  will  add  to  a  clear  understanding  of  the  matter  if  he 
states  his  own  views  on  the  subject. 
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The  theory  of  Electricity  adopted  throughout  these 
Lessons  is,  that  Electricity,  whatever  its  true  nature,  is 
one,  not  two:  that  this  Electricity,  whatever  it  may 
prove  to  be,  is  not  matter,  and  is  not  energy;  that  it 
resembles  both  matter  and  energy  in  one  respect,  how- 
ever, in  that  it  can  neither  be  created  nor  destroyed. 
The  doctrine  of  the  Conservation  of  Matter,  established 
a  century  ago  by  Lavoisier,  teaches  us  that  we  can 
neither  destroy  nor  create  matter,  though  we  can  alter 
its  distribution,  and  its  forms  and  combinations,  in 
innumerable  ways.  The  doctrine  of  the  Conservation 
of  Energy,  which  has  been  built  up  during  the  past 
half-century  by  Helmholtz,  Thomson,  Joule,  and  Mayer, 
teaches  us  that  we  can  neither  create  nor  destroy  energy, 
though  we  may  change  it  from  one  form  to  another, 
causing  it  to  appear  as  the  energy  of  moving  bodies,  or 
as  the  energy  of  heat,  or  as  the  static  energy  of  a  body 
which  has  been  lifted  against  gravity,  or  some  other 
attracting  force,  into  a  position  whence  it  can  run  down, 
and  where  it  has  the  potentiality  of  doing  work.  So 
also  the  doctrine  of  the  Conservation  of  Electricity,  now 
growing  into  shape,*  but  here  first  enunciated  under 
this  name,  teaches  us  that  we  can  neither  create  nor 
destroy  Electricity  though  we  may  alter  its  distribution, 
— may  cause  more  to  appear  at  one  place  and  less  at 
another, — ^may  change  it  from  the  condition  of  rest  to 
that  of  motion,  or  may  cause  it  to  spin  round  in  whirl- 
pools or  vortices,  which  themselves  can  attract  or  repel 

1  This  is  undoubtedly  the  outcome  of  the  ideas  of  Maxwell  and  of 
Faraday  as  to  the  nature  of  Electricity.  Since  the  above  was  written  an 
elegant  analytical  statement  of  the  "  Doctrine  of  the  Conservation  of  Elec- 
tricity "  has  been  published  by  Mons.  G.  Lippmann,  who  had  independently, 
and  at  an  earlier  date,  arrived  at  the  same  view. 
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other  vortices.  According  to  this  view  all  our  electrical 
machines  and  batteries  are  merely  instruments  for  alter- 
ing the  distribution  of  Electricity  by  moving  some  of  it 
from  one  place  to  another,  or  for  causing  Electricity, 
when  accumulated  or  heaped  together  in  one  place,  to 
do  work  in  returning  to  its  former  level  distribution. 
Throughout  these  Lessons  the  attempt  has  been  made 
to  state  the  facts  of  the  Science  in  language  consonant 
with  this  view,  but  at  the  same  time  rather  to  lead  the 
student  to  this  as  the  result  of  his  study  than  to  insist 
upon  it  dogmatically  at  the  outset. 

PREFACE  TO  EIGHTEENTH  THOUSAND. 

The  chief  additions  which  have  been  made  in  the  text 
of  this  work  since  its  first  appearance  relate  to  such 
modem  applications  of  electricity  as  dynamo -electric 
machines,  electric  lamps,  and  telephones.  A  few 
changes  in  phraseology  have  been  made  in  order  to 
avoid  possible  ambiguity  of  meaning.  The  names  of 
the  now  universally  adopted  units  have  been  adopted 
throughout,  and  the  various  data  such  as  electromotive 
force  of  batteries  have  been  corrected  in  accordance 
with  the  legal  definitions  of  the  ohm  and  of  the  volt 
given  by  the  Paris  Congress  of  1884.  The  table  of 
electro-diemical  equivalents  has  been  recalculated  from 
the  recent  determinations  of  Lord  Rayleigh  and  of 
F.  and  W.  Kohlrausch.  The  recent  researches  of 
Hughes  in  magnetism,  those  of  Schuster  on  gaseous  dis- 
charges, those  of  Kundt  on  magneto-optics,  and  those  of 
Wimshurst  on  influence  machines,  are  briefly  noticed. 

S.  P.  T. 

University  College,  Bristol, 
December  i884. 
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CHAPTER  I. 

FRICTIONAL  ELECTRICITY. 

Lesson  I. — Electrical  Attraction  and  Repulsion, 

1.  Meotrioal  Attrciction. — If  you  take  a  piece  of 
sealing-wax,  or  of  resin,  or  a  glass  rod,  and  rub  it  upon 
a  piece  of  flannel  or  silk,  it  will  be  found  to  have  ac- 
quired a  property  which  it  did  not  previously  possess : 
namely,  the  power  of  attracting  to  itself  such  light 
bodies  as  chaff,  or  dust,  or  bits  of  paper  (Fig.  i).  This 
curious  power  was  originally  discovered  to  be  a  property 
of  amber,  or,  as  the  Greeks  called  it,  ^Xckt/dov,  which 
is  mentioned  by  Thales  of  Miletus  (B.C.  600),  and  by 
Theophrastus  in  his  treatise  on  Gems,  as  attracting  light 
bodies  when  rubbed.  Although  an  enormous  number  of 
substances  possess  this  property,  amber  and  jet  were  the 
only  two  in  which  its  existence  had  been  recognised  by 
the  ancients,  or  even  down  to  so  late  a  date  as  the  time 
of  Queen  Elizabeth.  About  the  year  1600,  Dr.  Gilbert 
of  Colchester  discovered  by  experiment  that  not  only 

&  B 
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amber  and  jet,  but  a  very  large  number  of  substances, 
such  as  diamond,  sapphire,  rock-crystal,  glass,  sulphur, 
sealing-wax,  resin,  etc.,  which  he  styled  electrics^ 
.  possess  the  same  property.  Ever  since  his  time  the 
name  eloctricslty  has  been  employed  to  denote  the 
agency  at  work  in  producing  these  phenomena.  Gilbert 
abo  remarked  that  these  experiments  are  spoiled  by  the 
presence  of  m 


2:  A  better  way  of  observing  the  attracting  force  is 
to  employ  a  small  ball  of  elder  pith,  or  of  cork,  hung  by 
a  fine  thread  from  a  support,  as  shown  in  Fig.  2.  A 
dry  wann  glass  tube,  excited  by  rubbing  it  briskly  with 
a  silk  handkerchief,  will  attract  the  pith  ball  strongly, 
showing  that  it  is  highly  electrified.  The  most  suitable 
rubber,  if  a  stick  of  sealing-wax  is  used,  will  be  found  to 

1  "EUclrkit;  qus  altrahunt  ead«in  ratEone  ul  dEctnim."— <Gilb«tI). 
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be  flannel,  woollen  cloth,  or,  best  of  all,  fur.  Boyle 
discovered  that  an  electri- 
fied body  is  itself  at- 
tracted by  one  that  has 
not  been  electrified.  This 
may  be  verified  (see  Fig. 
3)  by  rubbing  a  stick  of 
sealing-wax,  or  a  glass  rod, 
and  hanging  it  in  a  wire 
loop  at  the  end  of  a  silk 
thread.  If,  then,  the  hand 
be  held  out  towards  the 
suspended  electrified  body, 
it  will  turn  round  and  ap- 
proach the  hand.  So, 
again,  a  piece  of  silk  rib- 
bon, if  rubbed  with  warm 
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Fig. 


indiarubber,  or  even  if  drawn  between   two  pieces  of 
warm  flannel,  and  then  held  up  by  one  end,  will  be 

found  to  be  attracted 
by  objects  presented  to 
it.  If  held  near  the 
wall  of  the  room  it  will 
fly  to  it  and  s^ick  to  it. 
With  proper  precau- 
tions it  can  be  shown 
that  both  the  rubber 
and  the  thing  rubbed 
are  in  an  electrified 
state,  for  both  will 
attract  light  bodies ; 
but  to  show  this,  care 
must  be  taken  not  to 


Fig.  3- 


handle  the  rubber  too  much.  Thus,  if  it  is  desired  to 
show  that  when  a  piece  of  rabbit's  fur  is  rubbed  upon 
sealing-wax,  the  fur  becomes  also  electrified,  it  is  better 
not  to  take  the  fur  in  the  hand,  but  to  fasten  it  to  the 
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end  of  a  glass  rod  as  a  handle.  The  reason  of  this 
precaution  will  be  explained  toward  the  close  of  this 
lesson,  and  more  fully  in  Lesson  IV. 

A  large  number  of  substances,  including  iron,  gold, 
brass,  and  all  the  metals,  when  held  in  the  hand  and 
rubbed,  exhibit  no  sign  of  electrification, — that  is  to  say, 
do  not  attract  light  bodies  as  rubbed  amber  and  rubbed 
glass  do.  Gilbert  mentions  also  pearls,  marble,  agate, 
and  the  lodestone,  as  substances  not  excited  electrically 
by  rubbing  them.  Such  bodies  were,  on  that  account, 
formerly  termed  non  -  electrics ;  but  the  term  is  erro- 
neous, for  if  they  are  fastened  to  glass  handles  and  then 
rubbed  with  silk  or  fur,  they  behave  as  electrics. 

3.  Bleotrioal  Repulsion. — When  experimenting, 
as  in  Fig.  i,  with  a  rubbed  glass  rod  and  bits  of  chopped 
paper,  or  straw,  or  bran,  it  will  be  noticed  that  these 

little  bits  are  first  attracted 
and  fly  up  towards  the  ex- 
cited rod,  but  that,  having 
touched  it,  they  are 
speedily  repelled  and  fly 
back  to  the  table.  To 
show  this  repulsion  better, 
let  a  small  piece  of  feather 
or  down  be  hung  by  a  silk 
thread  to  a  support,  and 
let  an  electrified  glass  rod 
be  held  near  it.  It  will 
dart  towards  the  rod  and 
stick  to  it,  and  a  moment 
later  will  dart  away  from 
it,  repelled  by  an  invisible 
force  (Fig.  4),  nor  will  it 
again  dart  towards  the  rod.  If  the  experiment  be 
repeated  with  another  feather  and  a  stick  of  sealing-wax 
rubbed  on  flannel  the  same  effects  will  occur.  But,  if 
now  the  hand  be  held  towards  the  feather,  it  will  rush 


Fig.  4- 
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toward  the  hand,  as  the  rubbed  body  in  Fig.  3  did. 
This  proves  that  the  feather,  though  it  has  not  itself 
been  rubbed,  possesses  the  property  originally  imparted  to 
the  rod  by  rubbing  it.  In  fact,  it  has  become  electrified, 
by  having  touched  an  electrified  body  which  has  given 
part  of  its  electricity  to  it.  It  would  appear  then  that 
two  bodies  electrified  with  the  same  electricity  repel  one 
another.  This  may  be  confirmed  by  a  further  experi- 
ment. A  rubbed  glass  rod,  hung  up  as  in  Fig.  3,  is 
repelled  by  a  similar  rubbed  glass  rod ;  while  a  rubbed 
stick  of  sealing-wax  is  repelled  by  a  second  rubbed  stick 
of  sealing-wax.  Another  way  of  showing  the  repulsion 
between  two  simi- 
larly electrified  bodies 
is  to  hang  a  couple 
of  small  pith -balls, 
by  thin  linen  threads 
to  a  glass  support, 
as  in  Fig.  5,  and 
then  touch  them  both 
with  a  rubbed  glass 
rod.  They  repel  one 
another  and  fly  apart, 
instead  of  hanging 
down   side   by  side,  Fig.  5. 

while  the  near  pre- 
sence of  the  glass  rod  will  make  them  open  out  still 
wider,  for  now  it  repels  them  both.  The  self-repulsion 
of  the  parts  of  an  electrified  body  is  beautifully  illustrated 
by  the  experiment  of  electrifying  a  soap-bubble,  which 
expands  when  electrified. 

4.  Two  kinds  of  Bleotrlfloation.  —  Electrified 
bodies  do  not,  however,  always  repel  one  another.  The 
feather  which  (see  Fig.  4)  has  been  touched  by  a  rubbed 
glass  rod,  and  which  in  consequence  is  repelled  from 
the  rubbed  glass,  will  be  attracted  if  a  stick  of  rubbed 
sealing-wax  be  presented  to  it ;  and  conversely,  if  the 
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feather  has  been  first  electrified  by  touching  it  with  the 
rubbed  sealing-wax,  it  will  be  attracted  to  a  rubbed  glass 
rod,  though  repelled  by  the  rubbed  wax.  So,  again,  a 
rubbed  glass  rod  suspended  as  in  Fig.  3  will  be  attracted 
by  a  rubbed  piece  of  sealing-wax,  or  resin,  or  amber, 
though  repelled  by  a  rubbed  piece  of  glass.  The  two 
pith -balls  touched  (as  in  Fig.  5)  with  a  rubbed  glass 
rod  fly  from  one  another  by  repulsion,  and,  as  we  have 
seen,  fly  wider  asunder  when  the  excited  glass  rod  is 
held  near  them;  yet  they  fall  nearer  together  when  a 
rubbed  piece  of  sealing-wax  is  held  under  them,  being 
attracted  by  it.  Symmer  first  observed  such  phenomena 
as  these,  and  they  were  independently  discovered  by  Du 
Fay,  who  suggested  in  explanation  of  them  that  there 
were  two  different  kinds  of  electricity  which  attracted 
one  another  while  each  repelled  itself.  The  electricity 
produced  on  glass  by  rubbing  it  with  silk  he  called 
vitreous  electricity,  supposing,  though  erroneously,  that 
glass  could  yield  no  other  kind;  and  the  electricity 
excited  in  sudi  substances  as  sealing-wax,  resin,  shellac, 
indiarubber,  and  amber,  by  rubbing  them  on  wool  or 
flannel,  he  termed  resinous  electricity.  The  kind  of 
electricity  produced  is,  however,  found  to  depend  not  only 
on  the  thing  rubbed  but  on  the  rubber  also ;  for  glass 
yields  "  resinous "  electricity  when  rubbed  with  a  cat's 
skin,  and  resin  yields  "vitreous"  electricity  if  rubbed 
with  a  soft  amalgam  of  tin  and  mercury  spread  on 
leather.  Hence  these  names  have  been  abandoned  in 
favour  of  the  more  appropriate  terms  introduced  by 
Franklin,  who  called  the  electricity  excited  upon  glass  by 
rubbing  it  with  silk  positive  electricity,  and  that  produced 
on  resinous  bodies  by  friction  with  wool  or  fur,  negative 
electricity.  The  observations  of  Symmer  and  Du  Fay  may 
therefore  be  stated  as  follows  : — Two  positively  electrified 
bodies  repel  one  another:  two  negatively  electrified  bodies 
repel  one  another :  but  a  positively  electrified  body  and 
a  negatively  electrified  body  attract  one  another. 
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5.  SimxiltaneoTis  produotion  of  both  Eleotrical 
States. — Neither  kind  of  electrification  is  produced 
alone ;  there  is  always  an  equal  quantity  of  both  kinds 
produced ;  one  kind  appearing  on  the  thing  rubbed 
and  an  equal  amount  of  the  other  kind  on  the  rubber. 
The  clearest  proof  that  these  amounts  are  equal  can  be 
given  in  some  cases.  For  it  is  found  that  if  both  the  - 
electricity  of  the  rubber  and  the  +  electricity  of  the  thing 
rubbed  be  imparted  to  a  third  body,  that  third  body  will 
show  no  electrification  at  ally  the  two  equal  and  opposite 
electrifications  having  exactly  neutralised  each  other. 

In  the  following  list  the  bodies  are  arranged  in  such 
an  order  that  if  any  two  be  rubbed  together  the  one 
which  stands  earlier  in  the  series  becomes  positively 
electrified,  and  the  one  that  stands  later  negatively 
electrified : — Fur^  wool,  ivory,  gl^s,  silk,  metals,  sul- 
phur, indiarubber,  guttapercha,  collodion, 

6.  Theories  of  Electricity. — Several  theories,  have 
been  advanced  to  account  for  these  phenomena,  but  all 
are  more  or  less  unsatisfactory.  Symmer  proposed  a 
"  t^wo-fluid  "  theory,  according  to  which  there  are  two 
imponderable  electric  fluids  of  opposite  kinds,  which 
neutralise  one  another  when  they  combine,  and  which 
exist  combined  in  equal  quantities  in  all  bodies  until 
their  condition  is  disturbed  by  friction.  A  modification 
of  this  theory  was  made  by  Franklin,  who  proposed 
instead  a  "one-fluid**  theory,  according  to  which 
there  is  a  single  electric  fluid  distributed  usually  uniformly 
in  all  bodies,  but  which,  when  they  are  subjected  to  friction, 
distributes  itself  unequally  between  the  rubber  and  the 
thing  rubbed,  one  having  more  of  the  fluid,  the  other 
less,  than  the  average.  Hence  the  terms  positive  and 
negcOive,  which  are  still  retained ;  that  body  which  is 
supposed  to  have  an  excess  being  said  to  be  charged 
with  positive  electricity  (usually  denoted  by  the  plus  sign 
+  ),  while  that  which  is  supposed  to  have  less  is  said  to 
be  charged  with  negative  electricity  (and  is  denoted  by 
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the  minus  sign  -  ).  These  terms  are,  however,  purely 
arbitrary,  for  in  the  present  state  of  science  we  do  not 
know  which  of  these  two  states  really  means  more  and 
which  means  less.  It  is,  however,  quite  certain  that 
electricity  is  not  a  material  fluid,  whatever  else  it 
may  be.  For  while  it  resembles  a  fluid  in  its  property 
of  apparently  flowing  from  one  point  to  another,  it  differs 
from  every  known  fluid  in  almost  every  other  respect. 
It  possesses  no  weight ;  it  repels  itself.  It  is,  moreover, 
quite  impossible  to  conceive  of  two  fluids  whose  proper- 
ties should  in  every  respect  be  the  precise  opposites  of 
one  another.  For  these  reasons  it  is  clearly  misleading 
to  speak  of  an  electric  fluid  or  fluids,  however  convenient 
the  term  may  seem  to  be.  Another  theory,  usually  known 
as  the  moleoular  theory  of  electricity,  and  first  dis- 
tinctly upheld  by  Faraday,  supposes  that  electrical  states 
are  the  result  of  certain  peculiar  conditions  of  the  mole- 
cules of  the  bodies  that  have  heen  rubbed,  or  of  the 
"aether"  which  is  believed  to  surround  the  molecules. 
There  is  much  to  be  said  in  favour  of  this  hypothesis, 
but  it  has  not  yet  been  proven.  In  these  lessons,  there- 
fore, we  shall  avoid  as  far  as  possible  all  theories,  and 
shall  be  content  to  use  the  term  electricity. 

7.  Oharsre. — ^The  quantity  of  electrification  of  either 
kind  produced  by  friction  or  other  means  upon  the  surface 
of  a  body  is  spoken  of  as  a  chargre,  and  a  body  when 
electrified  is  said  to  be  charged.  It  is  clear  that  there 
may  be  charges  of  different  values  as  well  as  of  either 
kind.  When  the  charge  of  electricity  is  removed  from 
a  charged  body  it  is  said  to  be  discharged.  Good 
conductors  of  electricity  are  instantaneously  discharged 
if  touched  by  the  hand  or  by  any  conductor  in  contact 
with  the  ground,  the  charge  thus  finding  a  means  of 
escaping  to  earth.  A  body  that  is  not  a  good  conductor 
may  be  readily  discharged  by  passing  it  rapidly  through  the 
flame  of  a  spirit-lamp  or  a  candle;  for  the  flame  instantly 
carries  off  the  electricity  and  dissipates  it  in  the  air. 
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Electricity  may  either  reside  upon  the  surface  of  bodies 
as  a  charge^  or  flow  through  their  substance  as  a 
current.  That  branch  of  the  science  which  treats  of 
the  laws  of  the  charges  upon  the  surface  of  bodies  is 
termed  eleotrostatics,  and  is  dealt  with  in  Chapter 
I-V.  The  branch  of  the  subject  which  treats  of  the  flow 
of  electricity  in  currents  is  dealt  with  in  Chapter  III.,  and 
other  later  portions  of  this  bool^. 

8.  Oonduotors  and  Insulators. — The  term  *'  con- 
ductors," used  above,  is  applied  to  those  bodies  which 
readily  allow  electricity  to  flow  through  them.  Roughly 
speaking  bodies  may  be  divided  into  two  classes — ^those 
which  conduct  and  those  which  do  not ;  though  very 
many  substances  are  partial  conductors,  and  cannot  well 
be  classed  in  either  category.  All  the  metals  conduct 
well  ;  the  human  body  conducts,  and  so  does  water. 
On  the  other  hand  glass,  sealing-wax,  silk,  shellac,  gutta- 
percha, indiarubber,  resin,  fatty  substances  generally, 
and  the  air,  are  "  non-oonduotors."  On  this  account 
these  substances  are  used  to  make  supports  and^  handles 
for  electrical  apparatus  where  it  is  important  that  the 
electricity  should  not  leak  away ;  hence  they  are  some- 
times called  insulators  or  isolators,  Faraday  termed 
them  dleleotrios.  We  have  remarked  above  that  Gil- 
bert gave  the  name  of  non^lectrics  to  those  substances 
which,  like  the  metals,  yield  no  sign  of  electrification  when 
held  in  the  hand  and  rubbed.  We  now  know  the  reason 
why  they  show  no  electrification  ;  for,  being  good  conduct- 
ors, the  electricity  flows  away  as  fasX  as  it  is  generated. 
The  observation  of  Gilbert  that  electrical  experiments 
faU  in  damp  weather  is  also  explained  by  the  knowledge 
that  water  is  a  conductor,  the  film  of  moisture  on  the 
surface  of  damp  bodies  causing  the  electricity  produced 
by  friction  to  leak  away  as  fast  as  it  is  generated. 

9.  Other  eleotrioal  effects. — The  production  of 
electricity  by  friction  is  attested  by  other  effects  than 
those  of  attraction  and  repulsion,  which  hitherto  we  have 
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assumed  to  be  the  test  of  the  presence  of  electricity. 
Otto  von  Guericke  first  observed  that  sparks  and  flashes 
of  light  could,  be  obtained  from  highly  electrified  bodies  at 
the  moment  when  they  were  discharged.    Such  sparks  are 
usually  accompanied  by  a  snapping  sound,  suggesting  on  a  ^ 
small  scale  the  thunder  accompanying  the  lightning  spark, 
as  was  remarked  by  Newton  and  other  early  observers. 
Pale  flashes  of  light  are  also  produced  by  the  discharge 
of  electricity  through  tubes  partially  exhausted  of  air  by 
the  air-pump.     Other  effects  will  be  noticed  in  due  course. 
10.  Other  Sources  of  Electrification. — The  stu- 
dent must  be  reminded  that  friction  is  by  no  means  the 
only   source   of    electricity.      The   other   sources,   per- 
cussion, compression,  heat,  chemical  action,  physiological 
action,  contact  of  metals,  etc,  will  be  treated  of  in  Lesson 
VI L     We  will  simply  remark  here  that  friction  between 
two    different    substances    always    produces    electrical 
separation,    no   matter   what  the   substances   may  be. 
Symmer  observed  the  production  of  electricity  when  a 
silk  stocking  was  drawn  over  a  woollen  one,  though 
woollen  rubbed  upon  woollen,  or  silk  rubbed  upon  silk, 
produces  no  electrical  effect.      If,  however,  a  piece  oif 
rough  glass   be  rubbed  on  a  piece  of  smooth  glass, 
electrification  is  observed ;  and  indeed  the  conditions  of 
the  surface  play  a  very  important  part  in  the  production 
of  electricity  by  friction.     In   general,  of  two  bodies 
thus    rubbed    together,   that    one   becomes   negatively 
electrical  whose  particles  are  the  more  easily  removed 
by  friction.     Differences  of  temperature  also  affect  the 
electrical  conditions  of  bodies,  a  warm  body  being  usually 
negative  when  rubbed  on  a  cold  piece  of  the  same  sub- 
stance.  Pdclet  found  the  degree  of  electrification  produced 
by  rubbing  two  substances  together  to  be  independent  of 
the  pressure  and  of  the  size  of  the  surfaces  in  contact, 
but  depended  on  the  materials  and  on  the  velocity  with 
which  they  moved  over  one  another.     Rolling  friction 
and  sliding  friction  produced  equal  effects.    The  quantity 
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of  electrification  produced  is,  however,  not  proportional 
to  the  amount  of  the  actual  mechanical  friction ;  hence 
it  appears  doubtful  whether  friction  is  truly  the  cause  of 
the  electrification.  Indeed,  it  is  probable  that  the  true 
cause  is  the  contact  of  dissimilar  substances  (see  Art. 
73),  and  that  when  on  contact  two  particles  have 
assumed  opposite  electrical  states,  one  being  +  the 
other  — ,  it  is  necessary  to  draw  them  apart  before  their 
respective  electrifications  can  be  observed.  Electrical 
machines  are  therefore  machines  for  bringing  dissimilar 
substances  into  intimate  contact,  and  then  drawing  apart 
the  particles  that  have  touched  one  another  and  become 
electrical. 

Lesson  1 1 . — Electroscopes. 

11.  Simple  Electroscopes.  —  An  instrument  for 
detecting  whether  a  body  is  electrified  or  not,  and 
whether  the  electrification  is  positive  or  negative,  is 
termed  an  Electroscopa  The  feather  which  was 
attracted  or  repelled,  and  the  two  pith  balls  which  flew 
apart,  as  we  found  in  Lesson  I.,  are  in  reality  simple 
electroscopes.  There  are,  however,  a  number  of  pieces 
of  apparatus  better  adapted  for  this  particular  purpose, 
some  of  which  we  will  describe. 

12.  Straw-Needle  Electroscope. — The  earliest 
electroscope  was  that  devised  by  Dr.  Gilbert,  and  shown 
in  Fig.  6,  which  consists  of  a  stiff  straw  balanced  lightly 


Fig.  6. 

upon  a  sharp  point.     A  thin  strip  of  brass  or  wood,  or 
even  a  goose  quill,  balanced  upon  a  sewing  needle,  will 
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serve  equally  well.  When  an  electrified  body  is  held  near 
the  electroscope  it  is  attracted  and  turned  round,  and  will 
thus  indicate  the  presence  of  quantities  of  electricity  fer 
too  small  to  attract  bits  of  paper  from  a  table. 

13.  Gold-Leaf  Eleotroaoope. — A  still  more  sensi- 
tive instrument  is  the  Gold-Leaf  Eleotroaoope  in- 
vented by  Bennet,  and  shown  in  Fig.  7.  We  have 
seen  how  two  pith-balls  when  similarly  electrified  repel 
one  another  and  stand  apart,  the  force  of  gravity  being 
partly  overcome  by  the  force  of  the  electric  repulsion. 


Fij.7. 

A  couple  of  narrow  strips  of  the  thinnest  tissue  paper, 
hung  upon  3  support,  will  behave  similarly  when  electri- 
fied. But  the  best  results  are  obtained  with  two  strips 
of  gold-leaf,  which,  being  excessively  thin,  is  much 
lighter  than  the  thinnest  paper,  'fbe  Gold-Leaf  Electro- 
scope is  conveniently  made  by  suspending  the  two  leaves 
within  a  wide-mouthed  glass  jar,  which  both  serves  to 
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protect  them  from  draughts  of  air  and  to  support  them 
from  contact  with  the  ground.  Through  the  cork,  which 
should  be  varnished  with  shellac  or  with  paraffin  wax,  is 
pushed  a  bit  of  glass  tube,  also  varnished.  Through  this 
passes  a  stiff  brass  wire,  the  lower  end  of  which  is  bent 
at  a  right  angle  to  receive  the  two  strips  of  gold-leaf, 
while  the  upper  supports  a  flat  plate  of  metal,  or  may  be 
furnished  with  a  brass  knob.  When  kept  dry  and  free 
from  dust  it  will  indicate  excessively  small  quantities  of 
electricity.  A  rubbed  glass  rod,  even  while  two  or  three 
feet  from  the  instrument,  will  cause  the  leaves  to  repel 
one  another.  The  chips  produced  by  sharpening  a  pencil, 
falling  on  the  electroscopi  top,  are  seen  to  be  electrified. 
If  the  knob  be  even  brushed  with  a  smaU  camel's  hair 
brush,  the  slight  friction  produces  a  perceptible  effect. 
With  this  instrument  all  kinds  of  friction  can  be  shown 
to  produce  electrification.  Let  a  person,  standing  upon 
an  insulating  support, — such  as  a  stool  with  glass  legs, 
or  a  board  supported  on  four  glass  tumblers, — be  briskly 
struck  with  a  silk  handkerchief,  or  with  a  fox's  tail,  or 
even  brushed  with  a  clothes'  brush,  he  will  be  electrified, 
as  will  be  indicated  by  the  electroscope  if  he  place  one 
hand  on  the  knob  at  the  top  of  it.  The  Gold-Leaf 
Electroscope  can  further  be  used  to  indicate  the  kind  of 
electricity  on  an  excited  body.  Thus-,  suppose  we  rubbed 
a  piece  of  brown  paper  with  a  piece  of  indiarubber  and 
desired  to  find  out  whether  the  electrification  excited  on 
the  paper  was  +  or  -  ,  we  should'T»©ceed  as  follows  : — 
First  charge  the  gold  leaves  of  the  electroscope  by 
touching  the  knob  with  a  glass  rod  rubbed  on  silk. 
The  leaves  diverge,  being  electrified  with  +  electrifi- 
cation. When  they  are  thus  charged  the  approach  of 
a  body  which  is  positively  electrified  will  cause  them  to 
diverge  still  more  widely  ;  while,  on  the  approach  of  one 
negatively  electrified,  they  will  tend  to  close  together. 
If  now  the  brown  paper  be  brought  near  the  electroscope, 
the  leaves  will  be  seen  to  diverge  more,  proving  the 
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electrification  of  the  paper  to  be  of  the  same  kind  as 
that  with  which  the  electroscope  is  charged,  or  positive. 
The  Gold-Leaf  Electroscope  will  also  indicate  roughly 
the  amount  of  electricity  on  a  body  placed  in  contact 
with  it,  for  the  gold  leaves  open  out  more  widely  when 
the  quantity  of  electricity  thus  imparted  to  them  is  greater. 
For  exact  measurement,  however,  of  the  amounts  of 
electricity  thus  present,  recourse  must  be  had  to  the  instru- 
ments known  as  Electrometers,  described  in  Lesson  XXL 
In  another  form  of  electroscope  (Bohnenberger's)  a 
single  gold  leaf  is  used,  and  is  suspended  between  two 
metallic  plates,  one  of  which  can  be  positively,  the  other 
negatively  electrified,  by  placing  them  in  communication 
with  the  poles  of  a  "  dry  pile  "  (Art.  182).  If  the  gold 
leaf  be  charged  positively  or  negatively  it  will  be 
attracted  to  one  side  and  repelled  from  the  other, 
according  to  the  law  of  attraction  and  repulsion  men- 
tioned in  Art  4. 

14.  Henley's  Quadrant  Electroscope.  —  The 
Quadrant  Electroscope  is  sometimes  employed  as  an 
indicator  for  large  charges  of  electricity.     It  consists  of 

a  pith  ball  at  the  end  of  a  light 
arm  fixed  on  a  pivot  to  an  upright. 
When  the  whole  is  electrified  the 
pith-ball  is  repelled  from  the  up- 
right and  fiies  out  at  an  angle, 
indicated  on  a  graduated  scale  or 
.^^•i^adrant  behind  it.  Its  usual  form 
is  shown  in  Fig.  8.  This  little 
electroscope,  which  is  seldom 
used  except  to  show  whether  an 
electric  machine  or  a  Leyden 
battery  is  charged,  must  on  no 
account  be  confused  with  the  deli- 
cate "Quadrant  Electrometer"  described  in  Lesson 
XXL,  whose  object  is  to  measure  very  small  charg^es 
j)f  electricity — not  to  indicate  large  ones. 


Fig.  8. 
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16.  The  Torsion  Balance. — Although  more  pro- 
perly an  EUctrormter  than  a  mere  EUciroscope,  it 
will  be  most  convenient  to  describe  here  the  i 
known  as  the  Torsion 
Balance,    (Fig.  9.)    This 


e  the  force  of  the 
repulsion  between  two 
similarly     electrified 

bodies,  Iqf  balancing  the 
force  of  this  repulsion 
against  the  force  exerted 

ing  itself  after  it  has  been 

twisted.       The    torsion 

balance    consists    of    a 

light   aim    or    lever    of 

shellac  suspended  within 

a   cyUndrical   glass   case  ** 

by  means  of  a  fine  silver  wire.     At  one  end  this  lever  is 

furnished  with  a  gilt  pith-ball,  n.     The  upper  end  of  the 

silver  wire  is  fastened  to  a  brass  top,  upon  which  a  circle, 

divided  into  degrees,  is  cut.     This  top  can  te  turned 

round  in  the  tube  which  supports  it,  and  is  known  as  the 

torsion-head.     Through  an  aperture  in  the  cover  there 

can  be  introduced  a  second  gilt  pith-ball  m,  fixed  to 

the  end  of  a  vertical  glass  rod  a.     Round  the  glass  case, 

at  the  level  of  the    pith-balls,  a  circle  is  drawn,  and 

divided  also  into  degrees. 

In  using  the  torsion  balance  to  measure  the  amount 
of  a  charge  of  electricity,  the  following  method  is 
adopted  :— First,  the  torsion-head  is  turned  round  until 
the  two  pith-balls  m  and  n  just  touch  one  another. 
Then  the  glass  rod  a  is  taken  out,  and  the  charge  of 
electricity  to  be  measured  is  imparted  to  the  ball  m, 
which  is  then  replaced  in  the  balance.  As  soon  as  m 
and  «  touch  one  another,  part  of  the  charge  passes  tcwa. 
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m  to  «,  and  they  repel  one  another  because  they  are 
then  similarly  electrified.  The  ball  «,  therefore,  is  driven 
round  and  twists  the  wire  up  to  a  certain  extent.  The 
force  of  repulsion  becomes  less  and  less  as  n  gets 
farther  and  farther  from  m ;  but  *  the  force  of  the  twist 
gets  greater  and  g^reater  the  more  the  wire  is  twisted. 
Hence  these  two  forces  will  balance  one  another  when 
the  balls  are  separated  by  a  certain  distance,  and  it  is 
clear  that  a  large  charge  of  electricity  will  repel  the  ball 
n  with  a  greater  force  than  a  lesser  charge  would. 
The  distance  through  which  the  ball  is  repelled  is  read 
off  not  in  inches  but  in  angular  degrees  of  the  scale. 
When  a  wire  is  twisted,  the  force  with  which  it  tends  to 
untwist  is  precisely  proportional  to  the  amount  of  the 
twist.  The  force  required  to  twist  the  wire  ten  degrees 
is  just  ten  times  as  great  as  the  force  required  to  twist 
it  one  degree.  In  other  words,  the  force  of  torsion  is 
proportional  to  the  angrle  of  torsion.  The  angular 
distance  between  the  two  balls  is,  when  they  are  not 
very  widely  separated,  very  nearly  proportional  to  the 
actual  straight  distance  between  them,  and  represents 
the  force  exerted  between  electrified  balls  at  that 
distance  apart.  The  student  must,  however,  carefully 
distinguish  between  the  measurement  of  the  force  and 
the  measurement  of  the  actual  quantity  of  electricity 
with  which  the  instrument  is  charged.  For  the  force 
exerted  between  the  electrified  balls  will  vary  at  different 
distances  according  to  a  particular  law  known  as  the 
"  law  of  inverse  squares,"  which  requires  to  be  carefully 
explained. 

16.  The  Law  of  Inverse  Squares. — Coulomb 
proved,  by  means  of  the  Torsion  Balance,  that  the  force 
exerted  between  two  small  electrified  bodies  varies 
inversely  as  the  square  of  the  distance  between  them 
when  the  distance  is  varied.  Thus,  suppose  two  electri- 
fied bodies  one  inch  apart  repel  one  another  with  a 
certain  force,  at  a  distance  of  two  inches  the  force  will 
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be  found  to  be  only  one  quarter  as  great  as  the  force 
at  one  inch;  and  at  ten  inches  it  will  be  only  jj^^th 
part  as  great  as  at  one  inch.  This  law  is  proved  by  the 
following  experiment  with  the  torsion  balance.  The 
two  scales  were  adjusted  to  o**,  and  a  certain  charge  was 
then  imparted  to  the  balls.  The  ball  n  was  repelled 
round  to  a  distance  of  36*.  The  twist  on  the  wire 
between  its  upper  and  lower  ends  was  also  36*,  or  the 
force  of  the  repulsion  was  thirty-six  times  as  great  as  the 
force  required  to  twist  the  wire  by  1°.  The  torsion-head 
was  now  turned  round  so  as  to  twist  the  thread  at  the 
top  and  force  the  ball  n  nearer  to  m^  and  was  turned 
round  until  the  distance  between  n  and  m  was  halved. 
To  bring  down  this  distance  from  36°  to  18°,  it  was 
found  needful  to  twist  the  torsion -head  through  126**. 
The  total  twist  between  the  upper  and  lower  ends  of  the 
wire  was  now  126°  +  18*,  or  144°;  and  the  force  was 
144  times  as  great  as  that  force  which  would  twist  the 
wire  I**.  But  144  is  four  times  as  great  as  36 ;  hence 
we  see  that  while  the  distance  had  been  reduced  to  one 
kaJf^  the  force  between  the  balls  had  become  four 
times  as  great.  Had  we  reduced  the  distance  to  one 
quarter^  or  9°,  the  total  torsion  would  have  been  found 
to  be  576°,  or  sixteen  times  as  great;  proving  the 
force  to  vary  inversely  aa  the  square  of  the 
distance. 

In  practice  it  requires  great  experience  and  skill  to 
obtain  results  as  exact  as  this,  for  there  are  many 
sources  of  inaccuracy  in  the  instrument.  The  balls 
must  be  very  small,  in  proportion  to  the  distances  between 
them.  The  charges  of  electricity  on  the  balls  are  found, 
moreover,  to  become  gradually  less  and  less,  as  if  the 
electricity  leaked  away  into  the  air.  This  loss  is  less 
if  the  apparatus  be  quite  dry.  It  is  therefore  usual  to 
dry  the  interior  by  placing  inside  the  case  a  cup  con- 
taining either  chloride  of  calcium,  or  pumice  stone 
soaked  with  strong  sulphuric  acid,  to  absorb  the  moisture, 
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Before  leaving  the  subject  of  electric  forces,  it  may  be 
well  .to  mention  that  the  force  of  attraction  between 
two.  oppositely  electrified  bodies  varies  also  inversely  as 
the  square  of  the  distance  between  them.  And  in  every 
case,  whether  of  attraction  or  repulsion,  the  force  at  any 
given  distance  is  proportional  to  the  product  of  the 
t"WO  quantities  of  electricity  on  the  bodies.  Thus,  if 
we  had  separately  given  a  charge  of  2  to  the  ball  m  and 
a  charge  of  3  to  the  ball  «,  the  force  between  them  will 
be  3x2  =  6  times  as  great  as  if  each  had  had  a 
charge  of  i  given  to  it. 

17.  Unit  quantity  of  Eleotrioity. — In  conse- 
quence of  these  laws  of  attraction  and  repulsion,  it  is 
found  most  convenient  to  adopt  the  following  definition 
for  that  quantity  of  electricity  which  we  take  for  a  unit  or 
standard  by  which  to  measure  other  quantities  of  elec- 
tricity. One  Unit  of  Electricity  is  that  quantity  which, 
when  placed  at  a  distance  of  one  centimetre  in  air  from 
a  similar  and  equcd  quantity,  repels  it  with  a  force  of 
one  dyne.  Further  information  about  the  measure- 
ment of  electrical  quantities  is  given  in  Lessons  XX. 
and  XXI. 


Lesson  III. — ElectrificAtion  by  Induction, 

18.  We  have  now  learned  how  two  charged  bodies 
may  attract  or  repel  one  another.  It  is  sometimes  said 
that  it  is  the  electricities  in  the  bodies  which  attract  or 
repel  one  another ;  but  as  electricity  is  not  known  to 
exist  except  in  or  on  material  bodies,  the  proof  that  it 
is  the  electricities  themselves  which  are  attracted  is  only 
indirect.  Nevertheless  there  are  certain  matters  which 
support  this  view,  one  of  these  being  the  electric  influ- 
ence exerted  by  an  electrified  body  upon  one  not 
electrified. 

Suppose  we  rub  a  ball  of  glass  with  silk  to  electrify  it, 
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and  hold  it  near  to  a  body  that  has  not  been  electrified, 
what  will  occur?  We  take  for  this  experiment  the 
apparatus  shown  in  Fig.  10,  consisting  of  a  long 
sausage -shaped  piece  of  metal,  either  hollow  or  solid, 
held  upon  a  glass  support.  This  "conductor,"  so  called 
because  it  is  made  of  metal  which  permits  electricity  to 
pass  freely  through  it  or  over  its  surface,  is  supported  on 
glass  to  prevent  the  escape  of  electricity  to  the  earth, 
glass  being  a  non-conductor.  The  presence  of  the 
positive  electricity  of  the  glass  ball  near  this  conductor 
is  found  to  induce  electricity  on  the  conductor,  which. 


Fig.  wx 

although  it  has  not  been  rubbed  itself,  will  be  found  to 
behave  at  its  two  ends  as  an  electrified  body.  The 
ends  of  the  conductor  will  attract  little  bits  of  paper ; 
and  if  pith -balls  be  hung  to  the  ends  they  are  found 
to  be  repelled.  It  will,  however,  be  found  that  the 
middle  region  of  the  long -shaped  conductor  wiU  give 
no  sig^  of  any  electrification.  Further  examination  will 
show  that  the  two  electrifications  on  the  ends  of  the  con- 
ductor are  of  opposite  kinds,  that  nearest  the  excited 
glass  ball  being  a  negative  charge,  and  that  at  the 
farthest  end  being  an  equal  charge,  but   of  positive 
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sign.  It  appears  then  that  a  positive  charge  attracts 
negative  and  repels  positive,  and  that  this  influence  can 
be  exerted  at  a  distance  from  a  body.  If  we  had  begun 
with  a  charge  of  negative  electrification  upon  a  stick  of 
sealing-wax,  the  presence  of  the  negative  charge  near  the 
conductor  would  have  induced  a  positive  charge  on  the 
near  end,  and  negative  on  the  far  end.  This  action, 
discovered  in  1753  by  John  Canton,  is  spoken  of  as 
electric  induotion,  or  influence.  It  will  take  place 
across  a  considerable  distance.  Even  if  a  large  sheet 
of  glass  be  placed  between,  the  same  effect  will  be 
produced.  When  the  electrified  body  is  removed  both 
the  charges  disappear  and  leave  no  trace  behind,  and 
the  glass  ball  is  found  to  be  just  as  much  electrified  as 
before  ;  it  has  parted  with  none  of  its  own  charge.  It 
will  be  remembered  that  on  one  theory  a  body  charged 
positively  is  regarded  as  having  more  electricity  than 
the  things  round  it,  while  one  with  a  negative  charge 
is  regarded  as  having  less.  According  to  this  view 
it  would  appear  that  when  a  body  (such  as  the  + 
electrified  glass  ball)  having  more  electricity  than 
things  around  it  is  placed  near  an  insulated  conductor, 
the  uniform  distribution  of  electricity  in  that  conductor 
is  disturbed,  the  electricity  flowing  away  from  that  end 
which  is  near  the  +  body,  leaving  less  than  usual  at 
that  end,  and  producing  more  than  usual  at  the  other 
end.  This  view  of  things  will  account  for  the  disappear- 
ance of  all  signs  of  electrification  when  the  electrified 
body  is  removed,  for  then  the  conductor  returns  to  its 
former  condition  ;  and  being  neither  more  nor  less  elec- 
trified than  all  the  objects  around  on  the  surface  of  the 
earth,  will  show  neither  positive  nor  negative  charge. 

19.  If  the  conductor  be  made  in  two  parts,  so  that 
while  under  the  inductive  -influence  of  the  electrified 
body  they  can  be  separated,  then  on  the  removal  of  the 
electrified  body  the  two  charges  can  no  longer  return 
to  neutralise  one  another,  but  remain  each  on  their  own 
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portion  of  the  conductor,  and  may  be  examined  at 
leisure. 

If  the  conductor  be  not  insulated  on  glass  supports, 
but  placed  in  contact  with  the  ground,  that  end  only 
which  is  nearest  the  electrified  body  will  be  found  to  be 
electrified.  The  repelled  electricity  is  indeed  repelled 
as  far  as  possible — into  the  earth.  One  kind  of  elec- 
trification only  is  imder  these  circumstances  to  be  found, 
namely,  the  opposite  kind  to  that  of  the  excited  body, 
whichever  this  may  be.  The  same  effect  occurs  in  this 
case  as  if  an  electrified  body  had  the  power  of  attracting 
up  the  opposite  kind  of  charge  out  of  the  earth,  though 
the  former  way  of  regarding  matters  is  more  correct 

The  quantity  of  the  two  charges  thus  separated  by 
induction  on  such  a  conductor  in  the  presence  of  a 
charge  of  electricity,  depends  upon  the  amount  of  the 
charge,  and  upon  the  distance  of  the  charged  body  firom 
the  conductor.  A  highly  electrified  glass  rod  will 
produce  a  greater  inductive  effect  than  a  less  highly 
electrified  one ;  and  it  produces  a  greater  effect  as  it  is 
brought  nearer  and  nearer.  The  utmost  it  can  do  will 
be  to  induce  on  the  near  end  a  negative  charge  equal 
in  amount  to  its  own  positive  charge,  and  a  similar 
amount  of  positive  electricity  at  the  far  end ;  but  usually, 
before  the  electrified  body  can  be  brought  so  near  as  to 
do  this,  something  else  occurs  which  entirely  alters  the 
condition  of  things.  As  the  electrified  body  is  brought 
nearer  and  nearer,  the  charges  of  opposite  sign  on  the 
two  opposed  surfaces  attract  one  another  more  and 
more  strongly  and  accumulate  more  and  more  densely, 
until,  as  the  electrified  body  approaches  very  near,  a  spark 
is  seen  to  dart  across,  the  two  charges  thus  rushing 
together  to  neutralise  one  another,  leaving  the  induced 
charge  of  positive  electricity,  which  was  formerly  repelled 
to  the  other  end  of  the  conductor,  as  a  permanent  charge 
after  the  electrified  body  has  been  removed. 

20.    We   are   now   able   to   apply  the   principle   of 
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induction  to  explain  why  an  electrified  body  should 
attract  things  that  have  not  been  electrified  at  all.  Let 
a  light  ball  be  suspended  by  a  silk  thread  (Fig.  1 1),  and 
a  rubbed  glass  rod  held  near  it.  The  positive  charge 
of  the  glass  will  induce  a  negative  charge  on  the  near  side, 

and  an  equal  amount  of  posi- 
tive electrification  on  the  farther 
side,  of  the  ball.  The  nearer 
half  of  the  ball  will  therefore 
be  attracted,  and  the  farther 
half  repelled;  but  the  attraction 
will  be  stronger  than  the  repul- 

Fig.  II.  .         ,  *^  .  ,     * 

sion,  because  the  attracted  elec- 
tricity is  nearer  than  the  repelled.  Hence  on  the  whole 
the  ball  will  be  attracted.  It  can  easily  be  observed 
that  if  a  ball  of  non-conducting  substance,  such  as  wax, 
be  employed,  it  is  not  attracted  so  much  as  a  ball  of 
conducting  material.  This  in  itself  proves  that  induction 
really  precedes  attraction. 

21.  Inductive  capacity. — We  have  assumed  up  to 
this  point  that  electricity  could  act  at  a  distance,  and 
could  produce  these  effects  of  induction  without  any 
intervening  means  of  conmiunication.  This,  however, 
is  not  the  case,  for  Faraday  discovered  that  the  air  in 
between  the  electrified  body  and  the  conductor  played  a 
very  important  part  in  the  production  of  these  actions. 
Had  some  other  substance,  such  as  paraffin  oil,  or  solid 
sulphur,  occupied  the  intervening  space,  the  effect  pro- 
duced by  the  presence  of  the  electrified  body  at  the 
same  distance  would  have  been  greater.  The  power  of 
a  body  thus  to  allow  the  inductive  influence  of  an 
electrified  body  to  act  across  it  is  called  its  inductive 
capacity  (see  Article  49  and  Lesson  XXII.) 

22.  The  Electrophorus. — We  are  now  prepared 
to  explain  the  operation  of  a  simple  and  ingenious 
instrument,  devised  by  Volta  in  1775,  for  the  purpose 
of  procuring,  by  the  principle  of  induction,  an  unlimited 
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number  of  chaises  of  electricity  from  one  single  charge. 
This  instrument  is  the  EleotrophoruB  (Fig.  iz).  It 
consists  of  two  parts,  a  round  cake  of  resinous  material 
cast  in  a  metal  dish  or  "sole,"  about  12  inches  in 
diameter,  and  a  round  disc  of  slightly  smaller  diameter 
made  of  metal,  or  of  wood  covered  with  tinfoil,  and 


provided  with  a  glass  handle.  Shellac,  or  sealing-wax, 
or  a  mixture  of  resin,  shellac,  and  Venice  turpentine,  may 
be  used  to  make  the  cake.  A  slab  of  sulphur  will 
also  answer,  but  it  is  liable  to  crack.  Sheets  of  hard 
ebonised  indiarubber  are  excellent ;  but  the  surfece  of 
this  substance  requires  occasional  washing  with  ammonia 
and  rubbing  with  paraffin  oil,  as  the  sulphur  contained 
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in  it  is  liable  to  oxidise  and  to  attract  moisture.  To  use 
the  electrophorus  the  resinous  cake  must  be  beaten  or 
rubbed  with  a  warm  piece  of  woollen  cloth,  or,  better 
still,  with  a  cat's  skin.  The  disc  or  "cover"  is  then 
placed  upon  the  cake,  touched  momentarily  with  the 
finger,  then  removed  by  taking  it  up  by  the  glass  handle, 
when  it  is  found  to  be  powerfully  electrified  with  a  posi- 
tive charge,  so  much  so  indeed  as  to  yield  a  spark  when 
the  knuckle  is  presented  to  it.  The  "  qover "  may  be 
replaced,  touched,  and  once  more  removed,  and  will 
thus  yield  any  number  of  sparks,  the  original  charge  on 
the  resinous  plate  meanwhile  remaining  practically  as 
strong  as  before. 
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Fig.  13. 


Fig.  14. 


The-  theory  of  the  electrophorus  is  very  simple,  pro- 
vided the  student  has  clearly  grasped  the  principle  of 
induction  explained  above.  When  the  resinous  cake 
is  first  beaten  with  the  cat's  skin  its  surface  is  negatively 
electrified,  as  indicated  in  Fig.  13.  When  the  metal 
disc  is  placed  down  upon  it,  it  rests  really  only  on  threfe 
or  four  points  of  the  surface,  and  may  be  regarded  as  an 
insulated  conductor  in  the  presence  of  an  electrified 
body.  The  negative  electrification  of  the  cake  therefore 
acts  inductively  on  the  metallic  disc  or  "  cover,"  attract- 
ing a  positive  charge  to  its  under  side,  and  repelling, 
a  negative  charge  to  its  upper  surface.  This  state'' 
of  things  is  shown  in  Fig.  14.  If  now,  the  cover  be 
touched  for  an  instant  with  the  finger,  the  negative 
charge  of  the  upper  surface  (which  is  upon  the  upper 
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surface  being  repelled  by  the  negative  charge  on  the  cake) 
will  be  neutralised  by  electricity  flowing  in  from  the 
earth  through  the  hand  and  body  of  the  experimenter. 
The  attracted  positive  charge  will,  however,  remain,  being 
bound  as  it  were  by  its  attraction  towards  the  negative 
charge  on  the  cake.  Fig.  15  shows  the  condition  of 
things  after  the  cover  has  been  touched.  If,  finally,  the 
cover  be  lifted  by  its  handle,  the  remaining  positive 
charge  will  be  no  longer  "  bound  "  on  the  lower  surface 
by  attraction,  but  will  distribute  itself  on  both  sides  of 
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Fig.  15.  Fig.  16. 

the  cover,  and  may  be  used  to  give  a  spark,  as  already 
said.  It  is  clear  that  no  part  of  the  original  charge  has 
been  consumed  in  the  process,  which  may  be  repeated 
as  often  as  desired.  As  a  matter  of  fact,  the  charge  on 
the  cake  slowly  dissipates — especially  if  the  air  be  damp. 
Hence  it  is  needful  sometimes  to  renew  the  original 
charge  by  afresh  beating  the  cake  with  the  cat's  skin. 
The  labour  of  touching  the  cover  with  the  finger  at  each 
operation  may  be  saved  by  having  a  pin  of  brass  or  a 
strip  of  tinfoil  projecting  from  the  metallic  "  sole  "  on  to 
the  top  of  the  cake,  so  that  it  touches  the  plate  each 
time,  and  thus  neutralises  the  negative  charge  by  allow- 
ing electricity  to  flow  in  from  the  earth. 

Since  the  electricity  thus  yielded  by  the  electrophorus 
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is  not  obtained  at  the  expense  of  any  part  of  the  original 
charge,  it  is  a  matter  of  some  interest  to  inquire  what 
the  source  is  from  which  the  energy  of  this  apparently 
unlimited  supply  is  drawn ;  for  it  cannot  be  called 
into  existence  without  the  expenditure  of  some  other 
form  of  energy,  any  more  than  a  steam-engine  can  work 
without  fuel.  As  a  matter  of  fact  it  is  found  that  it 
Is  a  little  harder  work  to  lift  up  the  cover  when  it 
is  charged  with  the  +  electricity  than  if  it  were  not 
charged ;  for,  when  charged,  there  is  the  force  of  the 
electric  attraction  to  be  overcome  as  well  as  the  force 
of  gravity.  Slightly  harder  work  is  done  at  the  ex- 
pense of  the  muscular  energies  of  the  operator ;  and  this 
is  the  real  origin  of  the  energy  stored  up  in  the  separate 
charges. 

23.  Oontinuous  Electrophorl — The  purely  me- 
chanical actions  of  putting  down  the  disc  on  to  the 
cake,  touching  it,  and  lifting  it  up,  can  be  performed 
automatically  by  suitable  mechanical  arrangements, 
which  render  the  production  of  these  inductive  charges 
practically  continuous.  The  earliest  of  such  oontin- 
uous electrophorl  was  Bennet's  ^^Doubler,"  the  latest 
is  Wimshurst's  machine,  described  in  Lesson  V. 

24.  "Free"  and  "Bound"  Electricity. -—We 
have  spoken  of  a  charge  of  electricity  on  the  surface  of 
a  conductor,  as  being  "  bound  "  when  it  is  attracted  by 
the  presence  of  a  neighbouring  charge  of  the  opposite 
kind.  The  converse  term  "  free  "  is  sometimes  applied 
to  the  ordinary  state  of  electricity  upon  a  charged  con- 
ductor, not  in  the  presence  of  a  charge  of  an  opposite 
kind.  A  "^^^"  charge  upon  an  insulated  conductor 
flows  away  instantaneously  to  the  earth,  if  a  conducting 
channel  be  provided,  as  will  be  explained  in  the  next 
lesson.  It  is  immaterial  what  point  of  the  conductor  be 
touched.  Thus,  in  the  case  represented  in  Fig.  lo, 
wherein  a  +  electrified  body  induces  —  electrification  at 
the  near  end,  and  +  electrification  at  the  far  end  of  an 


CHAP.  I.]    ELECTRICITY  AND  MAGNETISM.  27 

insulated  conductor,  the  -  charge  is  "bound,"  being 
attracted,  while  the  +  charge  at  the  other  end,  being 
repelled,  is  "free";  and  if  the  insulated  conductor  be 
touched  by  a  person  standing  on  the  ground,  the  "free" 
electricity  will  flow  away  to  the  earth  through  his  body, 
while  the  "bound"  electricity  will  remain,  no  matter 
whether  he  touch  the  conductor  at  the  far  end,  or  at  the 
near  end,  or  at  the  middle. 

25.  Inductive  method  of  charging  the  Gold- 
leaf  Electroscope. — The  student  will  now  be  prepared 
to  understand  the  method  by  which  a  Gold-Leaf  Electro- 
scope can  be  charged  with  the  opposite  kind  of  charge  to 
that  of  the  electrified  body  used  to  charge  it.  In  Lesson 
II.  it  was  assumed  that  the  way  to  charge  an  electro- 
scope was  to  place  the  excited  body  in  contact  with  the 
knob,  and  thus  permit,  as  it  were,  a  small  portion  of  the 
charge  to  flow  into  ihe  gold  leaves.  A  rod  of  glass 
rubbed  on  silk  being  +  would  thus  obviously  impart  + 
electrification  to  the  gold  leaves. 

Suppose,  however,  the  rubbed  glass  rod  to  be  held  a 
few  inches  above  the  knob  of  the  electroscope,  as  is 
indeed  shown  in  Fig.  7.  Even  at  this  distance  the  gold 
leaves  diverge,  and  the  effect  is  due  to  induction.  The 
gold  leaves,  and  the  brass  wire  and  knob,  form  one  con- 
tinuous conductor,  insulated  from  the  ground  by  the 
glass  jar.  The  presence  of  the  +  electricity  of  the 
glass  acts  inductively  on  this  "insulated  conductor," 
inducing  —  electrification  on  the  near  end  or  knob,  and 
inducing  +  at  the  far  end,  i.e.,  on  the  gold  leaves, 
which  diverge.  Of  these  two  induced  charges,  the  — 
on  the  knob  is  "bound,"  while  the  +  on  the  leaves  is 
"  free."  If  now,  while  the  excited  rod  is  still  held  above 
the  electroscope,  the  knob  be  touched  by  a  person 
standing  on  the  ground,  one  of  these  two  induced  charges 
flows  to  the  ground,  namely  the  free  charge — not  that 
on  the  knob  itself,  for  it  was  "  bound,"  but  that  on  the 
gold  leaves  which  was  "free" — and  the  gold  leaves 
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instantly  drop  down  straight.  There  now  remains  only 
the  -  charge  on  the  knob,  "bound"  so  long  as  the 
+  charge  of  the  glass  rod  is  near  to  attract  it.  But 
if,  finally,  the  glass  rod  be  taken  right  away,  the  - 
charge  is  no  longer  "  bound "  on  the  knob,  but  is 
"  free  "  to  flow  into  the  leaves,  which  once  more  diverge 
— but  this  time  with  a  negative  electrification. 

26.  "  The  Betum-Shock." — It  is  sometimes  noticed 
that,  when  a  charged  conductor  is  suddenly  discharged, 
a  discharge  is  felt  by  persons  standing  near,  or  may 
even  affect  electroscopes,  or  yield  sparks.  This  action, 
known  as  the  "  return-shock,"  is  due  to  induction.  For 
in  the  presence  of  a  charged  conductor  a  charge  of 
opposite  sign  will  be  induced  in  neighbouring  bodies, 
and  on  the  discharge  of  the  conductor  these  neighbour- 
ing bodies  may  also  suddenly  discharge  their  induced 
charge  into  the  earth,  or  into  other  conducting  bodies. 
A  "  return-shock  "  is  sometimes  felt  by  persons  standing 
on  the  ground  at  the  moment  when  a  flash  of  lightning 
has  struck  an  object  some  distance  away. 


Lesson  IV. — Conduction  and  Distribution  of  Electricity. 

27.  Conduction. — Toward  the  close  of  Lesson  I. 
we  explained  how  certain  bodies,  such  as  the  metals, 
conduct  electricity,  while  others  are  non-conductors  or 
insulators.  This  discovery  is  due  to  Stephen  Gray ; 
who,  in  1729,  found  that  a  cork,  inserted  into  the  end 
of  a  rubbed  glass  tube,  and  even  a  rod  of  wood  stuck 
into  the  cork,  possessed  the  power  of  attracting  light 
bodies.  He  found,  similarly,  that  metallic  wire  and  pack- 
thread conducted  electricity,  while  silk  did  not. 

We  may  repeat  these  experiments  by  taking  (as  in 
Fig.  17)  a  glass  rod,  fitted  with  a  cork  and  a  piece  of 
wood.  If  a  bullet  or  a  brass  knob  be  himg  to  the  end  of 
this  by  a  linen  thread  or  a  wire,  it  is  found  that  when  the 
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glass  tube  is  rubbed  the  bullet  acquires  the  property  of 
attracting  light  bodies.  If  a  dry  silk  thread  is  used, 
however,  no  electricity  will  flow  down  to  the  bullet. 

Gray  even  succeeded  in  transmitting  a  charge  of 
electricity  through  a  hempen  thread  over  700  feet  long, 
suspended  on  silken  loops.  A  htde  later  Do  Fay 
succeeded  in  sending  electricity  to  no  less  a  distance 
than  1256  feet  through  a  moistened  thread,  thus  proving 
the  conducting  power  of  moisture.  From  that  time  the 
classification  of  bodies  into  conductors  and  insulators 
has  been  observed. 


This  distinction  cannot,  however,  be  entirely  main- 
tained, as  a  large  class  of  substances  occupy  an  inter- 
mediate ground  as  partial  conductors.  For  example,  dry 
wood  is  a  bad  conductor  and  also  a  bad  insulator;  it 
is  a  good  enough  conductor  to  conduct  away  the  high- 
potential  electricity  obtained  by  friction  ;  but  it  is  a 
bad  conductor  for  the  relatively  low-potential  electricity 
of  small  vohaic  batteries.  Substances  that  are  very  bad  - 
conductors  are  said  to  offer  a  great  reeistance  to  the 
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flow  of  electricity  through  them.  There  is  indeed  no 
substance  so  good  a  conductor  as  to  be  devoid  of  resist- 
ance. There  is  no  substance  of  so  high  a  resistance  as 
not  to  conduct  a  little.  Even  silver,  which  conducts  best 
of  all  known  substances,  resists  the  flow  of  electricity  to 
a  small  extent ;  and,  on  the  other  hand,  such  a  non-con- 
ducting substance  as  glass,  though  its  resistance  is  many 
million  times  greater  than  any  metal,  does  allow  a  very 
small  quantity  of  electricity  to  pass  through  it.  In  the 
following  list,  the  substances  named  are  placed  in  order, 
each  conducting  better  than  those  lower  down  on  the  list. 

Silver 


-  Good  Conductors. 


1 


Partial  Conductors. 


Copper   . 
Other  metals 
Charcoal . 
Water     . 

The  body 

Cotton     . 

Dry  Wood 

Marble    . 

Paper 

Oils 

Porcelain 
Wool       . 
>      Silk 
Resin 

Guttapercha 
Shellac  . 
Ebonite  . 
Paraffin  . 
Glass  . 
Dry  air    . 

A  simple  way  of  observing  experimentally  whether  a 
body  is  a  conductor  or  not,  is  to  take  a  charged  gold- 
leaf  electroscope,  and,  holding  the  substance  to  be 
examined  in  the  hand,  touch  the  knob  of  the  electro- 
scope with  it.  If  the  substance  is  a  conductor  the 
electricity  will  flow  away  through  it  and  through  the 
body  to  the  earth,  and  the  electroscope  will  be  discharged. 
Through  good  conductors  the  rapidity  of  the  flow  is  so 


Non-Conductors  or 
Insulators. 
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great  that  the  discharge  is  practically  instantaneous. 
Further  information  on  this  question  is  given  in  Lesson 
XXIIL 

28.  Distribution  of  Electricity  on  Bodies. — If 
electricity  is  produced  at  one  part  of  a  non-conducting 
body,  it  remains  at  that  point  and  does  not  flow  over 
the  surface,  or  at  most  flows  over  it  excessively  slowly. 
Thus  if  a  glass  tube  is  rubbed  at  one  end,  only  that  one 
end  is  electrified.  If  a  warm  cake  of  resin  be  rubbed  at 
one  part  with  a  piece*  of  cloth,  only  the  portion  rubbed 
will  attract  light  bodies.  The  case  is,  however,  wholly 
different  when  a  charge  of  electricity  is  imparted  to  any 
part  of  a  conducting  body  placed  on  an  insulating 
support,  for  it  instantly  distributes  itself  all  over  the 
surface,  though  in  general  not  uniformly  over  all  points 
of  the  surface. 

29.  The  Oharge  resides  on  the  surfaoa — A 
charge  of  electricity  resides  only  on  the  surface  of 
conducting  bodies.  This  is  proved  by  the  fact  that  it 
is  found  to  be  immaterial  to  the  distribution  what  the 
interior  of  a  conductor  is  made  of;  it  maybe  solid  metal, 
or  hollow,  or  even  consist  of  wood  covered  with  tinfoil 
or  gilt,  but,  if  the  shape  be  the  same,  the  charge  will 
distribute  itself  precisely  in  the  same  manner  over  the 
surface.  There  are  also  several  ways  of  proving  by 
direct  experiment  this  very  important  fkct.  Let  a  hollow 
metal  ball,  having  an  aperture  at  the  top,  be  taken  (as  in 
Fig.  18),  and  set  upon  an  insulating  stem,  and  charged 
by  sending  into  it  a  few  sparks  from  an  electrophorus. 
The  absence  of  any  charge  in  the  interior  may  be  shown 
as  follows  : — In  order  to  observe  the  nature  of  the 
electricity  of  a  charged  body,  it  is  convenient  to  have 
some  means  of  removing  a  small  quantity  of  the  charge 
as  a  sample  for  examination.  To  obtain  such  a  sample, 
a  little  instrument  known  as  a  proof-plane  is  employed. 
It  consists  of  a  little  disc  of  sheet  copper  or  of  gilt  paper 
fixed  at  the  end  of  a  small  glass  rod.    If  this  disc  is  laid 
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on  the  surface  of  an  electrified  body  at  any  point,  part 
of  the  electricity  flows  into  it,  and  it  may  be  then  re- 
moved, and  the  sample  thus  obtained  may  be  examined 
with  a  Gold-leaf  Electroscope  in  the  ordinary  way.  For 
some  purposes  a  metallic  bead,  fastened  to  the  end  of  a 
■     t  than  a  fiat  disc     If  such 


Fig.  iB. 

a  proof-plane  be  applied  to  the  outside  of  our  electrified 
hollow  ball,  and  then  touched  on  the  knob  of  an  electro- 
scope, the  gold  leaves  will  diverge,  showing  the  presence 
of  a  charge.  But  if  the  proof-plane  be  carefully  inserted 
through  the  opening,  and  touched  against  the  imide  of 
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the  globe  and  then  withdrawn,  it  will  be  found  that  the 
inside  is  destitute  of  electricity.  An  electrified  pewter 
mug  will  show  a  similar  result,  and  so  will  even  a 
cylinder  of  gauze  wire. 

30.  Blot's  experiment. — ^^Biot  proved  the  same  fact 
in  another  way.  A  copper  ball  was  electrified  and 
insulated.  Two  hollow  hemispheres  of  copper,  of  a 
larger  size,  and  furnished  with  glass  handles,  were  then 
placed  together  outside  it  (Fig.  19).  So  long  as  they 
did  not  come  into  contact  the  charge  remained  on  the 


/] 


^.T. 


/^-r 


Fig.  19. 

inner  sphere ;  but  if  the  outer  shell  touched  the  inner 
sphere  for  but  an  instant,  the  whole  of  the  electricity 
passed  to  the  exterior ;  and  when  the  hemispheres  were 
separated  and  removed  the  inner  globe  was  found  to  be 
completely  discharged. 

31.  Further  explanation. — Doubtless  the  explana- 
tion of  this  behaviour  of  electricity  is  to  be  found  in 
the  property  previously  noticed  as  possessed  by  either 
kind  of  electricity,  namely,  that  of  repelling  itself ;  hence 
it  retreats  as  far  as  can  be  from  the  centre  and  remains 
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upon  the  surface.  An  important  proposition  concerning 
',  the  absence  of  electric  force  within  a  closed  conductor  is 
proved  in  Lesson  XX.  ;  meanwhile  it  must  be  noted  that 
the  proofs,  so  far,  are  directed  to  demonstrate  the 
absence  of  a  free  charge  of  electricity  in  the  interior 
of  hollow  conductors.  Many  other  experiments  have 
been  devised  in  proof.  Thus,  Terquem  showed  that 
a  pair  of  gold  leaves  hung  inside  a  wire  cage  could 
not  be  made  to  diverge  when  the  cage  was  elec- 
trified.    Faraday  constructed   a   conical  bag  of  linen- 


_^-  Fig.  20. 

gauze,  supported  as  in  Fig.  20,  upon  an  insulating 
stand,  and  to  which  silk  strings  were  attached,  by  which 
it  could  be  turned  inside  out.  It  was  charged,  and 
the  charge  was  shown  by  the  proof- plane  and  electro- 
scope to  be  on  the  outside  of  the  bag.  On  turning  it 
inside  out  the  electricity  was  once  more  found  outside, 
Faraday's  most  striking  experiment  was  made  with  a 
hollow  cube,  measuring  1 2  feet  each  way,  built  of  wood, 
covered  with  tinfoil,  insulated,  and  charged  with  a 
powerful  machine,   so    that    large    sparks    and   brushes 
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were  darting  off  from  every  part  of  its  outer  surface. 
Into  this  cube  Faraday  took  his  most  delicate  electro- 
scopes ;  but  once  within  he  failed  to  detect  the  least- 
influence  upon  them. 

32.  Applications. — Advantage  is  taken  of  this  in 
the  construction  of  delicate  electrometers  and  other 
instruments,  which  can  be  effectually  screened  from 
the  influence  of  electrified  bodies  by  enclosing  them 
in  a  thin  metal  cover,  closed  all  round,  except  where 
apertures  must  be  made  for  purposes  of  observation.  It 
has  also  been  proposed  by  the  late  Prof.  Clerk  Maxwell 
to  protect  buildings  from  lightning  by  covering  them 
on  the  exterior  with  a  network  of  wires. 

33.  Apparent  Exceptions.^  There  are  two  ap- 
parent exceptions  to  the  law  that  electricity  resides  only 
on  the  outside  of  conductors,  (i)  If  there  are  electrified 
insulated  bodies  actually  placed  inside  the  hollow  con- 
ductor, the  presence  of  these  electrified  bodies  acts  in- 
ductively and  attracts  the  opposite  kind  of  electricity  to 
the  inner  side  of  the  hollow  conductor.  (2)  Wlien 
electricity  flows  in  a  current,  it  flows  through  the  sub- 
stance of  the  conductor.  The  law  is  limited  therefore 
to  electricity  at  rest, — that  is,  to  statical  charges. 

34.  Faraday's  "  Ice-pail "  Experiment. — One  ex- 
periment of  Faraday  deserves  notice,  as  showing  the 
part  played  by  induction  in  these  phenomena.  He 
gradually  lowered  a  charged  metallic  ball  into  a  hollow 
conductor  connected  by  a  wire  to  a  gold-leaf  electro- 
scope (Fig.  21),  and  watched  the  effect.  A  pewter  ice- 
pail  being  convenient  for  his  purpose,  this  experiment  is 
continually  referred  to  by  this  name,  though  any  other 
hollow  conductor — ^a  tin  canister  or  a  silver  mug,  placed 
on  a  glass  support — would  of  course  answer  equally 
well.  The  following  effects  are  observed: — Suppose 
the  ball  to  have  a  +  charge :  as  it  is  lowered  into  the 
hollow  conductor  the  gold  leaves  begin  to  diverge,  for 
the  presence  of  the  charge  acts  inductively,  and  attracts 
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a  —  charge  into  the  interior  and  repels  a  +  charge  to  the 
exterior.  The  gold  leaves  diverge  more  and  more  until 
■the  ball  is  right  within  the  hollow  conductor,  after  which 
no  greater  divergence  is  obtained.  On  letting  the  ball 
touch  the  inside  the  gold  leaves  still  remain  diverging 
as  before,  and  if  now  the  ball  is  pulled  out  it  is  found 
to  have  lost  all  its  electricity.     Tho  feet  that  the  gold 

leaves  diverge  no  wider 
after  the  ball  touched 
than  they  did  just 
before,  proves  that 
when  the  charged  ball 
is  right  inside  the 
hollow  conductor  the 
induced  charges  are 
each  of  them  precisely 
equal  in  amount  to 
its  own  charge,  and  the 
interior  negative  charge 
exactly  neutralises  the 
charge  on  the  ball  at 
the  moment  when  they 
touch,  leaving  the  equal 
exterior  charge  un- 
changed.     An  electric 


C<>-f 


Fig.  21. 


cage^  such  as  this  ice-pail,  when  connected  with  an 
electroscope  or  electrometer,  affords  an  excellent  means 
of  examining  the  charge  on  a  body  small  enough  to  be 
hung  inside  it.  For  without  using  up  any  of  the  charge 
of  the  body  (which  we  are  obliged  to  do  when  applying 
the  method  of  the  proof-plane)  we  can  examine  the 
induced  charge  repelled  to  the  outside  of  the  cage, 
which  is  equal  in  amount  and  of  the  same  sign. 

36.  Distribution  of  Ohar^e. — A  charge  of  elec- 
tricity is  not  usually  distributed  uniformly  over  the 
surfaces  of  bodies.  Experiment  shows  that  there  is 
more  electricity  on  the  edges  and  corners  of  bodies  than 
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upon  their  flatter  parts.  This  distribution  can  be  de- 
duced from  the  theory  laid  down  in  Lesson  XX.,  but 
meantime  we  will  give  some  of  the  chief  cases  as  they 
can  be  shown  to  exist.  The  term  Electric  Density  is 
used  to  signify  the  amount  of  electricity  at  any  point  of 
a  surface ;  the  electric  density  at  a  point  is  the  number 
of  units  of  electricity  per  unit  of  area  {i.e.  per  square 
inch,  or  per  square  centimetre),  the  distribution  being 
supposed  uniform  over  this  small  surface. 

(a)  Sphere. — The  distribution  of  a  charge  over  an 
insulated  sphere  of  conducting  material  is  uniform, 
provided  the  sphere  is  remote  from  the  presence  of  all 
other  conductors  and  all  other  electrified  bodies ;  or,  in 


^^ 


Of 


A 
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Fig.  22. 

Other  words,  the  density  is  uniform  all  over  it.  This  is 
symbolised  by  the  dotted  line  round  the  sphere  in  Fig. 
22,  a,  which  is  at  an  equal  distance  from  the  sphere  all 
round,  suggesting  an  equal  thickness  of  electricity  at 
every  point  of  the  surface.  It  must  be  remembered 
that  the  charge  is  not  really  of  any  perceptible  thickness 
at  all ;  it  resides  on  or  at  the  surface,  but  cannot  be 
said  to  form  a  stratum  upon  it. 

(b)  Cylinder  -with  rounded  ends. — Upon  an 
elongated  conductor,  such  as  is  frequently  employed  in 
electrical  apparatus,  the  density  is  greatest  at  the  ends 
where  the  curvature  of  the  surface  is  the  greatest. 
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(o)  Two  Spheres  in  contact. — If  two  spheres  in 
contact  with  each  other  are  insulated  and  charged,  it  is 
found  that  the  density  is.  greatest  at  the  parts  farthest 
from  the  point  of  contact,  and  least  in  the  crevice 
between  them.  If  the  spheres  are  of  unequal  sizes 
the  density  is  greater  on  the  smaller  sphere,  which  has 
the  surface  more  curved.  On  an  egg-shaped  or  pear- 
shaped  conductor  the  density  is  greatest  at  the  small 
end.  On  a  cone  the  density  is  greatest  at  the  apex ; 
and  if  the  cone  terminate  in  a  sharp  point  the  density 
there  is  very  much  greater  than  at  any  other  point.  At 
a  point,  indeed,  the  densijty  of  the  collected  electricity 
may  be  so  gi*eat  as  to  electrify  the  neighbouring  particles 
of  air,  which  then  are  repelled,  thus  producing  a  con- 
tinual loss  of  charge.  For  this  reason  points  and  sharp 
edges  are  always  avoided  on  electrical  apparatus,  except 
where  it  is  specially  desired  to  set  up  a  discharge. 

(d)  Flat  Disc. — The  density  of  a  charge  upon  a 
flat  disc  is  greater,  as  we  should  expect,  at  the  edges 
than  on  the  flat  surfaces ;  but  over  the  flat  surfaces  the 
distribution  is  fairly  uniform. 

These  various  facts  are  ascertained  by  applying  a 
small  proof- plane  successively  at  various  points  of  the 
electrified  bodies  and  examining  the  amount  taken  up  by 
the  proof-plane  by  means  of  an  electroscope  or  electro- 
meter. Coulomb,  who  investigated  mathematically  as 
well  as  experimentally  many  of  the  important  cases  of 
distribution,  employed  the  torsion  balance  to  verify  his 
calculations.  He  investigated  thus  the  case  of  the 
ellipsoid  of  revolution,  and  found  the  densities  of  the 
charges  at  the  extremities  of  the  axis  to  be  proportional 
to  the  lengths  of  those  axes.  He  also  showed  that  the 
density  of  the  charge  at  any  other  point  of  the  surface  of 
the  ellipsoid  was  proportional  to  the  length  of  the  per- 
pendicular drawn  from  the  centre  to  the  tangent  at  that 
point.  Riess  also  investigated  several  interesting  cases 
of  distribution.     He  found  the  density  at  the  middle  of 
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the  edges  of  a  cube  to  be  nearly  two  and  a  half  times 
as  great  as  the  density  at  the .  middle  of  a  face ;  while 
the  density  at  a  corner  of  the  cube  was  more  than  four 
times  as  great. 

36.  Redistribution  of  Charge. —  If  any  portion 
of  the  charge  of  an  insulated  conductor  be  removed,  the 
remainder  of  the  charge  will  immediately  redistribute 
itself  over  the  surface  in  the  same  manner  as  the  original 
charge,  provided  it  be  also  isolated^  i.e,^  that  no  other 
conductors  or  charged  bodies  be  near  to  perturb  the 
distribution  by  complicated  effects  of  induction. 

If  a  conductor  be  charged  with  any  quantity  of  elec- 
tricity, and  another  conductor  of  the  same  size  and  shape 
(but  uncharged)  be  brought  into  contact  with  it  for  an 
instant  and  then  separated,  it  will  be  found  that  the 
charge  has  divided  itself  equally  between  them.  In  the 
same  way  a  charge  may  be  divided  equally  into  three  or 
more  parts  by  being  distributed  simultaneously  over  three 
or  more  equal  and  similar  conductors  brought  into  contact. 

If  two  eqiial  metal  balls,  suspended  by  silk  strings, 
charged  with  unequal  quantities  of  electricity,  are 
brought  for  an  instant  into  contact  and  then  separated, 
it  will  be  found  that  the  charge  has  redistributed  itself 
fairly,  half  the  sum  of  the  two  charges  being  now  the 
charge  of  each.  This  may  even  be  extended  to  the 
case  of  charges  of  opposite  signs.  Thus,  suppose  two 
similar  conductors  to  be  electrified,  one  with  a  positive 
charge  of  5  units  and  the  other  with  3  units  of  negative 
charge,  when  these  are  made  to  touch  and  separated, 
each  will  have  a  positive  charge  of  i  unit ;  for  the 
algebraic  sum  of  +  5  and  —  3  is  +  2,  which,  shared 
between  the  two  equal  conductors,  leaves  +  i  for  each. 

37.  Capacity  of  Conductors. — If  the  conductors 
be  unequal  in  size,  or  unlike  in  form,  the  shares  taken 
by  each  in  this  redistribution  will  not  be  equal,  but 
will  be  proportional  to  the  electric  capacities  of  the 
conductors.     The  definition  of  capacity  in  its  relation 
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to  electric  quantities  is  given  in  Lesson  XX.,  Art.  246. 
We  may,  however,  make  the  remark,  that  two  insulated 
conductors  of  the  same  form,  but  of  different  sizes,  differ 
in  their  electrical  capacity ;  for  the  larger  one  must 
have  a  larger  amount  of  electricity  imparted  to  it  in 
order  to  electrify  its  surface  to  the  same  degree.  The 
term  potential  is  employed  in  this  connection,  in  the 
following  way : — A  given  quantity  of  electricity  will 
electrify  an  isolated  body  up  to  a  certain  "  potential " 
(or  power  of  doing  electric  work)  depending  on  its 
capacity.  A  large  quantity  of  electricity  imparted  to  a 
conductor  of  small  capacity  will  electrify -it  up  to  a 
very  high  potentials  just  as  a  large  quantity  of  water 
poured  into  a  vessel  of  narrow  capacity  will  raise  the 
surface  of  the  water  to  a  high  level  in  the  vessel.  The 
exact  definition  of  Potential,  in  terms  of  energy  spent 
against  the  electrical  forces,  is  given  in  the  Lesson  or 
Electrostatics  (Art,  237). 

It  will  be  found  convenient  to  refer  to  a  positively 
electrified  body  as  one  electrified  to  a  positive  or  high 
potential;  while  a  negatively  electrified  body  may  be 
looked  upon  as  one  electrified  to  a  low  or  negative 
potential.  And  just  as  we  take  the  level  of  the  sea 
as  a  zero  level,  and  measure  the  heights  of  mountains 
above  it,  and  the  depths  of  mines  below  it,  using  the 
sea  level  as  a  convenient  point  of  reference  for  differ- 
ences of  level,  so  we  take  the  potential  of  the  earth's 
surface  (for  the  sur&ce  of  the  earth  is  always  electrified 
to  a  certain  degree)  as  zero  potential^  and  use  it  as  a 
convenient  point  of  reference  from  which  to  measure 
differences  of  electric  potential. 

Lesson  V. — Electrical  Machines, 

38.  For  the  purpose  of  procuring  larger  supplies  of 
electricity  than  can  be  obtained  by  the  rubbing  of  a  rod 
of  glass  or  shellac,  electrical  machines  have  been 
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devised.  All  electrical  machines  consist  of  two  parts, 
one  for  producing,  the  other  for  collecting,  the  electricity. 
Experience  has  shown  that  the  quantities  of  +  and  — 
electrification  developed  by  friction  upon  the  two. surfaces 
rubbed  against  one  another  depend  on  the  amount  of 
friction,  upon  the  extent  of  the  surfaces  rubbed,  and  also 
upon  the  nature  of  the  substances  used.  If  the  two 
substances  employed  are  near  together  on  the  list  of 
electrics  given  in  Art.  5,  the  electrical  effect  of  rubbing 
them  together  will  not  be  so  great  as  if  two  substances 
widely  separated  in  the  series  are  chosen.  To  obtain 
the  highest  effect,  the  most  positive  and  the  most 
negative  of  the  substances  convenient  for  the  construc- 
tion of  a  machine  should  be  taken,  and  the  greatest 
available  surface  of  them  should  be  subjected  to  friction, 
the  moving  parts  having  a  sufficient  pressure  against  one 
another  compatible  with  the  required  velocity. 

The  earliest  form  of  electrical  machine  was  devised 
by  Otto  von  Guericke  of  Magdeburg,  and  consisted  of 
a  globe  of  sulphur  fixed  upon  a  spindle,  and  pressed 
with  the  dry  surface  of  the  hands  while  being  made  to 
rotate ;  with  this  he  discovered  the  existence  of  electric 
sparks  and  the  repulsion  of  similarly  electrified  bodies. 
Sir  Isaac  Newton  replaced  Von  Guericke's  globe  of 
sulphur  by  a  globe  of  glass.  A  little  later  the  form  of 
the  machine  was  improved  by  various  German  electri- 
cians ;  Von  Bose  added  a  collector  or  "  prime  con- 
ductor," in  the  shape  of  an  iron  tube,  supported  by  a 
person  standing  on  cakes  of  resin  to  insulate  him,  or 
suspended  by  silken  strings ;  Winckler  of  Leipzig  sub- 
stituted a  leathern  cushion  for  the  hand  as  a  rubber; 
and  Gordon  of  Erfurth  rendered  the  machine  more  easy 
of  construction  by  using  a  glass  cylinder  instead  of  a 
glass  globe.  The  electricity  was  led  from  the  .excited 
cylinder  or  globe  to  the  prime  conductor  by  a  metallic 
chain  which  hung  over  against  the  globe.  A  pointed 
collector  was  not  employed  until  after  Franklin's  famous 
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researches  on  the  action  of  points.  About  1760  De 
la  Fond,  Planta,  Ramsden,  and  Cuthhertson,  constructed 
machines  having  glass  plates  instead  of  cylinders.  The 
only  important  modifications  introduced  since  their  time 
are  the  substitution  of  ebonite  for  glass,  and  the  inven- 
tion of  machines  depending  on  the  principles  of  induc- 
tion and  convection. 

39.  The  Cylinder  Electrical  Machine. — The 
Cylinder  Electrical  Machine,  as  usually  constructed, 
consists  of  a  glass  cylinder  mounted  on  a  horizontal  axis 
capable  of  being  turned  by  a  handle.  Against  it  is 
pressed  from  behind  a  cushion  of  leather  stuffed  with 
horsehair,  the  surface  of  which  is  covered  with  a 
powdered  amalgam  of  zinc  or  tin.  A  flap  of  silk  attached 
to  the  cushion  passes   over  the  cylinder,  covering  its 


Fig.  .3- 

upper  half.  In  front  of  the  cylinder  stands  the  "  prime 
conductor,"  which  is  made  of  metal,  and  usually  of  the 
form  of  an  elongated  cylinder  with  hemispherical  ends, 
mounted  upon  a  glass  stand.  At  the  end  of  the  prime 
conductor  nearest  the  cylinder  is  fixed  a  rod  bearing  a 
row  of  fine  metallic  spikes,  resembling  in  form  a  rake ; 
the  other  end  usually  carries  a  rod  terminated  in  a  brass 
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ball  or  knob.  The  general  aspect  of  the  machine  is 
shown  in  Fig.  23.  When  the  handle  is  turned  the 
friction  between  the  glass  and  the  amalgam -coated 
surface  of  the  rubber  produces  a  copious  electrical 
action,  electricity  appearing  as  a  +  charge  on  the  glass, 
leaving  the  rubber  with  a  -  charge.  The  prime  con- 
ductor collects  this  charge  by  the  following  process  : — 
The  +  charge  being  carried  round  on  the  glass  acts 
inductively  on  the  long  insulated  conductor,  repelling  a 
+  charge  to  the  far  end ;  leaving  the  nearer  end  -  ly 
charged.  The  effect  of  the  row  of  points  is  to  drive  off 
in  a  continuous  discharge  —  ly  electrified  air  towards  the 
attracting  +  charge  upon  the  glass,  which  is  neutralised 
thereby;  the  glass  thus  arriving  at  the  rubber  in  a 
neutral  condition  ready  to  be  again  excited.  This  action 
of  the  points  is  sometimes  described,  though  less  cor- 
rectly, by  saying  that  the  points  collect  the  -|-  electricity 
from  the  glass.  If  it  is  desired  to  collect  also  the  — 
charge  of  the  rubber,  the  cushion  must  be  supported  on 
an  insulating  stem  and  provided  at  the  back  with  a 
metallic  knob.  This  device,  permitting  either  kind  of 
charge  to  be  used  at  will,  is  due  to  Nairne.  It  is,  how- 
eyer,  more  usual  to  use  only  the  +  charge,  and  to 
connect  the  rubber  by  a  chain  to  **  earth,"  so  allowing 
the  —  charge  to  be  neutralised. 

40.  The  Plate  Electrical  Machine. — The  Plate 
Machine,  as  its  name  implies,  is  constructed  with  a 
circular  plate  of  glass  or  of  ebonite,  and  is  usually  pro- 
vided with  two  pairs  of  rubbers  formed  of  double 
cushions,  pressing  the  plate  between  them,  placed  at  its 
highest  and  lowest  point,  and  provided  with  silk  flaps, 
each  extending  over  a  quadrant  of  the  circle.  The  prime 
conductor  is  either  double  or  curved  round  to  meet  the 
plate  at  the  two  ends  of  its  horizontal  diameter,  and  is 
furnished  with  two  sets  of  spikes,  for  the  same  purpose 
as  the  row  of  points  in  the  cylinder  machine.  A 
conmion  form  of  plate  machine  is  shown  in  Fig.  24. 
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The  action  of  the  machine  is,  in  all  points  of  theoretical 
interest,  the  same  as  that  of  the  cylinder  machine.     Its 
advantages  are  that  a  large  glass  plate  is  more  easy  to 
construct  than  a  large  glass  cylinder  of  perfect  form,  and 
that  the  length  along  the  surface  of  the  glass  between  the 
collecting  row  of  points  and  the   edge   of  the   rubber 
cushions    is    greater 
in  the  plate  than  in 
the  cylinder  for  the 
same  amount  of  sur- 
face exposed  to  fric- 
tion ;  for,  be  it    re- 
marked,   when    the 
two  electricities  thus 
separated  have  col- 
lected  to  a    certain 
extent,    a    dischai^e 
will  take  place  along 
^  this     surface,     the 
J  length  of  whichlimits 
therefore  the  power 
of  the  machine.      In 
^^'  '*"  a  more  modern  form, 

due  to  Le  Roy,  and  modified  by  Winter,  there  is  but  one 
rubber  and  flap,  occupying  a  little  over  a  quadrant  of  the 
plate,  and  one  collector  or  double  row  of  points.  In 
Winter's  machine  the  prime  conductor  consists  of  a  ring- 
shaped  body,  for  which  the  advantage  is  claimed  of 
collecting  latter  quantities  of  electricity  than  the  more 
usual  sausage -shaped  conductor.  Whatever  advantage 
the  form  may  have  is  probably  due  to  the  curvature  of 
its  surface  being  on  the  whole  greater  than  that  of  the 

41.  Electrical  Amalgam. — Canton,  finding  glass 
to  be  highly  electrified  when  dipped  into  dry  mercury, 
suggested  the  employment  of  an  amalgam  of  tin  with 
mercury  as  a  suitable  substance  wherewith  to  cover  the 
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surfece  of  the  rubbers.  An  amalgam  of  zinc  is  also 
effective ;  though  still  better  is  Kienmayer's  amalgam, 
consisting  of  equal  parts  of  tin  and  zinc,  mixed  while 
molten  with  twice  their  weight  of  mercury.  Bisulphide 
of  tin  ("mosaic  gold")  may  also  be  used.  These 
amalgams  are  applied  to  the  cushions  with  a  little  stiff 
grease.  They  serve  the  double  purpose  of  conducting 
away  the  negative  charge  separated  upon  the  rubber 
during  the  action  of  the  machine,  and  of  affording  as  a 
rubber  a  substance  which  is  more  powerfully  negative 
(see  list  in  Art.  5)  than  the  leather  or  the  silk  of  the 
cushion  itsel£     Powdered  graphite  is  also  good. 

42.  Precautions  in  usin^  Electrical  Machines. 
— Several  precautions  must  be  observed  in  the  use  of 
electrical  machines.  Damp  and  dust  must  be  scrupu- 
lously avoided.  The  surface  of  glass  is  hygroscopic, 
hence,  except  in  the  driest  climates,  it  is  necessary  to 
warm  the  glass  surfaces  and  rubbers  to  dissipate  the 
film  of  moisture  which  collects.  Glass  stems  for  in- 
sulation may  be  varnished  with  a  thin  coat  of  shellac 
varnish,  or  with  paraffin  (solid).  A  few  drops  of 
anhydrous  paraffin  (obtained  by  dropping  a  lump  of 
sodium  into  a  bottle  of  paraffin  oil),  applied  with  a  bit  of 
flannel  to  the  previously  warmed  surfaces,  hinders  the 
deposit  of  moisture.  An  electrical  machine  which  has 
not  been  used  for  some  months  will  require  a  fresh  coat 
of  amalgam  on  its  rubbers.  These  should  be  cleaned 
and  warmed,  a  thin  uniform  layer  of  tallow  or  other  stiff 
grease  is  spread  upon  them,  and  the  amalgam,  previously 
reduced  to  a  fine  powder,  is  sifled  over  the  surface. 

AH  points  should  be  avoided  in  apparatus  for 
frictional  electricity  except  where  they  are  desired,  like 
the  "  collecting  "  spikes  on  the  prime  conductor,  to  let  off 
a  charge  of  electricity.  All  the  rods,  etc.,  in  frictional 
apparatus  are  therefore  made  with  knobs,  so  as  to  avoid 
sharp  edges  and  points. 
^    43.  Experiments  with  the  Electrical  Machine. 


46 


ELEMENTARY  LESSONS  ON         [chap.  i. 


— ^With  the  abundant  supply  of  electricity  afforded  by 
the  electrical  machine,  many  pleasing  and  instructive 
experiments  are  possible.  The  phenomena  of  attrac- 
tion and  repulsion  can  be 
shown  upon  a  large  scale. 
Fig.  25  represents  a  device 
known  as  the  electric 
chimes/  in  which  two  small 
brass  balls  hung  by  silk  strings 
are  set  in  motion  and  strike 
against  the  bells  between 
which  they  are  hung.  The 
two  outer  bells  are  hung  by 
metallic  wires  or  chains  to 
the  knob  of  the  machine. 
The  third  bell  is  hung  by  a 
silk  thread,  but  communi- 
cates with  the  ground  by  a 
brass  chain.  The  balls  are 
first  attracted  to  the  electrified  outer  bells,  then  repelled, 
and,  having  discharged  themselves  against  the  uninsul- 
ated central  bell,  are  again  attracted,  and  so  vibrate' to 
and  fro. 

By  another  arrangement  small  figures  or  dolls  cut  out 
of  pith  can  be  made  to  dance  up  and  down  between  a 
metal  plate  hung  horizontally  from  the  knob  of  the 
machine,  and  another  flat  plate  an  inch  or  two  lower  and 
communicating  with"  earth." 

The  effect  of  points  in  discharging  electricity  from 
the  surface  of  a  conductor  may  be  readily  proved  by 
numerous  experiments  If  the  machine  be  in  good 
working  order,  and  capable  of  giving,  say,  sparks  four 
inches  long  when  the  knuckle  is  presented  to  the  knob, 
it  will  be  found  that,  on  fastening  a  fine  pointed  needle 

1  Invented  in  1752  by  Franklin,  for  the  purpose  of  warning  him  of  the 
presence  of  atmospheric  electricity,  drawn  from  the  air  above  his  house  by  a 
pointed  iron  rod 


Fig.  25. 
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to  the  conductor,  it  discharges  the  electricity  so  effect- 
ually at  its  point  that  only  the  shortest  sparks  can  be 


Fig.  26. 

drawn  at  the  knob,  while  a  fine  jet  or  brush  of  pale 
blue  light  will  appear  at  the  point.  If  a  lighted  taper 
be  held  in  front  of  the  point, 
the  flame  will  be  visibly  blown 
aside  (Fig.  26)  by  the  streams 
of  electrified  air  repelled  from 
the  point.  Ihese  air-currents 
can  be  felt  with  the  hand. 
They  are  due  to  a  mutual  re- 
pulsion between  the  electrified 
air-particles  near  the  point  and 
the  electricity  collected  on  the 
point  itself.  That  this  mutual 
reaction  exists  is  proved  by 
the  electrio  fly  or  electric 
reaction -mill  of  Hamilton 
(Fig.    27),  which    consists    of 


Fig.  27. 


a  light  cross  of  brass  or  straw,  suspended  on  a  pivot, 
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and  having  the  pointed  ends  bent  round  at  right 
angles.  When  placed  on  the  prime  conductor  of  the 
machine,  or  joined  to  it  by  a  chain,  the  force  of 
repulsion  between  the  electricity  of  the  points  and  that 
on  the  air  immediately  in  front  of  them  drives  the 
mill  round  in  the  direction  opposite  to  that  in  which  the 
points  are  bent. 

Another  favourite  way  of  exhibiting  electric  repulsion 
is  by  means  of  a  doll  with  long  hair  placed  on  the 
machine;  the  individual  hairs  stand  on  end  when  the 
machine  is  worked,  being  repelled  from  the  head,  and  from 
one  another.  A  paper  tassel  will  behave  similarly  if 
hung  to  the  prime  conductor.  The  most  striking  way 
of  showing  this  phenomenon  is  to  place  a  person  upon 
a  glass -legged  stool,  making  him  touch  the  knob  of 
the  machine ;  when  the  machine  is  worked,  his  hair, 
if  dry,  will  stand  on  end.  Sparks  will  pass  freely 
between  a  person  thus  electrified  and  one  standing 
upon  the  ground. 

The  sparks  from  the  machine  may  be  made  to  kindle 
spirits  of  wine  or  ether,  placed  in  a  metallic  spoon, 
connected  by  a  wire,  with  the  nearest  metallic  conductor 
that  runs  into  the  gi-ound.  A  gas  jet  may  be  lit  by 
passing  a  spark  to  the  burner  from  the  finger  of  the  per- 
son standing,  as  just  described,  upon  an  insulating  stool. 

44.  Armstrong's  Hydro-Electrical  Machine. — 
The  friction  of  a  jet  of  steam  issuing  from  a  boiler, 
through  a  wooden  nozzle,  generates  electricity.  In 
reality  it  is  the  particles  of  condensed  water  in  the  jet 
which  are  directly  concerned.  Sir  W.  Armstrong,  who 
investigated  this  source  of  electricity,  constructed  a 
powerful  apparatus,  known  as  the  hydro -electrical 
machine  (Fig.  28),  capable  of  producing  enormous 
quantities  of  electricity,  and  yielding  sparks  five  or  six 
feet  long.  The  collector  consisted  of  a  row  of  spikes, 
placed  in  the  path  of  the  steam  jets  issuing  from  the 
nozzles,  and  was  supported,  together  with  a  brass  ball 
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which  served  as  prime-conductor,  upon  a  glass  pillar. 
The  nozzles  were  made  of  wood,  perforated  with  a 
crooked  passage  in  order  to  increase  the  friction  of 
the  jet  against  the  sides. 


45.  Convection -Indaction  Machines. — There  is  another 
class  of  electrical  machine,  differing  entirely  from  those  we  have 
been  describing,  and  depending  upon  the  employment  of  a  smalt 
initial  chajge  which,  acting  inductively,  produces  other  chaises, 
which  are  then  conveyed  by  the  moving  parts  of  the  machine  to 
some  other  point  where  they  can  increase  the  bitial  charge,  or 
furnish  a  supply  of  electricity  to  a  suitable  collector.  Of  such 
instniments  the  oldest  is  the  Electropboma  of  Volta,  expldned 
fully  in  Lesson  III.     Bennet,  Nicholson,  Darwin,  and  others. 
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devised  pieces  of  apparatus  for  accomplishing  by  mechanism  that 
which  the  electrophorus  accomplishes  by  hand.  Nicholson's 
revolving  doubler  consists  of  a  revolving  apparatus,  in  which 
an  insulated  caiTier  can  be  brought  into  the  presence  of  an 
electrified  body,  there  touched  for  an  instant  to  remove  its 
repelled  electricity,  then  carried  forward  with  its  acquired  charge 
towards  another  body,  to  which  it  imparts  its  charge,  and  which 
in  turn  acts  inductively  on  it,  giving  it  an  opposite  charge  which 
it  can  convey  to  the  first  body,  thus  increasing  its  initial  charge 
at  every  rotation.  Similar  instruments  have  been  contrived  by 
Varley,  Sir  W.  Thomson  (the  "  replenisher  *'),  Topler,  Carre, 
and  Holtz.  The  two  latter  are  perfectly  continuous  in  their 
action,  and  have  been  well  described  as  continuous  eUctrophori. 
The  machine  of  Holtz  has  come  into  such  general  use  as  to 
deserve  explanation. 

46.  Holtz's  Inflaence  Machine. — ^The  action  of  this  machine 
is  not  altogether  easy  to  grasp,  though  in  reality  simple  enough 
when  carefully  explained.  The  machine  in  its  latest  form 
consists  (see  Fig.  29)  of  two  plates,  one.  A,  fixed  by  its  edges  ; 
the  other,  B,  mounted  on  an  axis,  and  requiring  to  be  rotated 
at  a  high  speed  by  a  band  and  driving  pulley.  There  are  two 
holes  or  windows,  P  and  P',  cut  at  opposite  points  of  the  fixed 
plate.  Two  pieces  varnished  paper, /and/*,  are  fastened  to  the 
plate  above  the  window  on  the  left  and  below  the  one  on  the 
right  These  pieces  of  paper  or  armatures  are  upon  the  side  of 
the  fixed  plate  away  from  the  movable  disc,  or,  as  we  may  say, 
upon  the  back  of  the  plate.  They  are  provided  with  narrow 
tongues  which  project  forward  through^.the  windows  towards  the 
movable  disc,  which  they  nearly  touch  with  their  protruding 
points.  The  disc  must  rotate  in  the  opposite  direction  to  that 
in  which*  these  tongues  point.  On  the  front  side  of  the  moving 
disc,  and  opposite  the  forward  edges  of  the  two  armatures, 
stands  an  oblique  metal  conductor,  D,  which  need  not  be 
insulated.  It  has  metal  combs  or  spikes  projecting  towards  the 
disc.  On  the  right  and  left,  supported  on  insulating  holders, 
are  two  horizontal  metal  combs,  joined  to  two  metal  rods 
terminated  with  brass  balls,  fw,  «,  which  in  this  form  of  machine 
merely  constitute  a  discharging  apparatus  and  are  not  concerned 
in  the  action  of  the  machine.  In  some  forms  of  Holtz  machine 
there  is  no  diagonal  conductor  D;  and  as  the  discharging 
apparatus  has  then  to  serve  both  functions,  the  balls  myH,  must 
in  these  forms  of  machine  touch  one  another  before  the  machine 
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will  charge  itself.  To  work  the  machine  a  small  initial  chai^ 
must  be  given  by  an  electrophorus,  or  by  a  nibbed  glass  rod,  to 
one  of  the  two  armatures.  The  disc  is  then  rapidly  rotated  ; 
and  it  is  found  that 
after  a  few  turns 
the  exert  [on  required 
to  keep  up  the  ro- 

greatly :  at  the  same 
moment  pale  -  blue 
blushes  oi  light  are 
seen  to  issue  from 
the  points,  and,  on 
separating  the  brass 
bails,  a  torrent  of 
brilliant  sparks  darts 
across  the  interven- 
hig  space.  The 
action  of  the  machine 
^■S-  ^-  is  as  follows.     Sup- 

pose a  small  +  charge  to  be  imparted  at  the  ontset  to  the  right 
annatiirey  ;  this  charge  acts  inductively  across  the  intervening 
glass  and  air  upon  the  comb  at  the  lower  end  of  the  di^onal 
conductor  D,  repels  electricity  through  D,  leaving  the  lower 
points  negatively  electrified.  These  discharge  n^atively 
electrified  air  upon  the  front  surface  of  the  movable  disc,  while 
the  repelled  +  charge  passes  up  along  D,  and  is  discharged 
through  the  upper  comb  upon  (he  front  face  of  the  movable 
disc.  Here  it  acts  inductively  upon  the  paper  armature  f, 
causing  that  part  which  is  opposite  the  comb  to  be  negatively 
charged,  and  repelling  a  +  charge  into  its  farthest  part,  viz.  into 
(he  tongue,  which  slowly  discharges  a  +  charge  upon  the  back 
of  the  moving  disc.  If  now  (he  disc  be  turned  round,  this  + 
charge  on  the  back  comes  over,  in  the  direction  indicated  by  the 
arrow,  from  the  left  to  the  right  side ;  and,  when  it  gets  opposite 
the  right  tongoe,  is  dischai^d  into  the  armature  y,  increasing 
its  cha^e,  and  thereby  helps  that  armature  to  act  still  more 
strongly  than  before.  Meantime  the  -  charge,  which  we  saw 
had  been  induced  in  the  left  armature/  has  in  lutn  reacted  on 
the  upper  comb,  causing  it  to  emit  more  powerfully  than  before 
a  +  diarge  from  its  points,  and  drawing  electricity  through  the 
diagonal  rod.     Tbe  combs  at  the  two  ends  of  this  rod  therefore 
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both  emit  electrified  streams  of  air,  the  upper  one  charging  the 
upper  portion  of  the  front  of  the  rotating  disc  positively,  the 
lower  one  chaining  the  lower  portion  of  the  disc  negatively. 
The  back  of  the  rotating  disc  is  at  the  same  lime  similarly 
chai^d ;  and  the  chatges  carried  round  on  the  back  surface 
serve  to  increase  the  charges  on  the  two  armatures.  Hence  a 
very  small  initial  chaige  is  speedily  raised  to  a  maximum,  the 


Fig.  59a. 
limit  being  reached  when  the  electrilicalion  of  the  armatures  is 
so  great  that  the  leakage  of  electricity  at  their  surface  equals 
the  gain  by  induction  and  convection.  The  chaises  let  off  by 
the  spikes  of  the  diagonal  conductor  upon  the  front  surface  of 
the  moving  disc  are  carried  round  and  dischai^ed  into  the  right 
and  left  conductors  of  the  discharging  apparatus,  by  means  of 
the  horizontal  combs  which  collect  the  chaises  exactly  as  ex- 
plained on  p.  43.  Two  small  Leyden  jars  are  usually  added 
to  increase  the  density  of  the  sparks  that  pass  between  in  and  n. 
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In  some  recent  Holtz  machines,  a  number  of  rotating  discs 
fixed  upon  one  common  axis  are  employed,  and  the  whole  is 
enclosed  in  a  glass  case  to  prevent  access  of  damp.  A  small 
disc  of  ebonite  is  now  usually  fixed  to  the  axis,  and  provided 
with  a  rubber  in  order  to  keep  up  the  initial  charge.  Holtz  has 
lately  constructed  a  machine  with  thirty- two  plates. 

Mascart  has  shown  the  interesting  fact  that  the  Holtz  machine  is  reversible 
in  its  action ;  that  is  to  say,  that  if  a  continuous  supply  of  the  two  electricities 
(furnished  by  another  machine)  be  communicated  to  the  armatiu%s,  the 
movable  plate  will  be  thereby  set  in  rotation,  and  will  turn  in  an  opposite 
sense. 

Righi  has  shown  that  a  Holtz  machine  can  yield  a  continuous  current  like 
a  voltaic  battery,  the  strength  of  the  current  being  nearly  proportional  to 
the  velocity  of  rotation.  It  was  found  that  the  electromotive  force  of  a  machine 
was  equal  to  that  of  52,000  Daniell's  cells,  or  nearly  53,000  volts,  at  all  speeds. 
The  resistance,  when  the  machine  made  120  revolutions  per  minute,  was 
2180  million  oluns ;  but  only  646  million  ohms  when  making  450  revolutions 
per  minute. 

Voss  has  lately  constructed  a  simple  machine  very  like  Fig.  29,  but  on 
TSpler's  plan,  having  small  metallic  buttons  afSxed  to  the  front  of  the  rotating 
plate,  these  buttons  being  lightly  touched,  while  rotating,  by  small  metal 
brushes  fixed  upon  the  combs,  thus  providing  by  friction  a  minute  initial 
charge.  In  this  machine  there  are  no  windows,  but  small  metal  arms  attached 
to  the  paper  armatures  and  furnished  with  small  brushes  of  metal  foil  are 
brought  round  to  the  front  of  the  rotating  plate,  and  touch  the  buttons  as  they 
pass.  The  buttons  therefore  act  as  carriers  of  charges  that  are  induced  in 
them  by  their  being  touched  whilst  under  inductive  influence. 

46  {bis),  WimslmrsVs  Influence  Machine. — Still  more 
recent  is  the  machine  of  Wimshurst  (Fig.  29a)  in  which  the 
two  plates  rotate  in  opposite  directions.  Each  plate  has  a 
series  of  small  slips  of  thin  metal  foil  upon  it,  which  serve  both 
as  carriers  and  as  armatures.  There  are  two  uninsulated 
diagonal  conductors  at  the  front  and  back ;  and  two  insulated 
collecting  combs  at  the  right  and  left,  connected  with  a 
discharging  apparatus.  Each  little  carrier  is  touched  by  an 
uninsulated  brush  as  it  passes  opposite  the  charged  carrier  of 
the  other  disc,  and  each  thereby  has  a  charge  induced  in  it 
which  it  carries  over  to  the  collecting  comb  on  the  right  or  left. 

Lesson  VI. — The  Ley  den  Jar  and  other  condensers, 

47.  It  was  shown  in  previous  lessons  that  the  opposite 
charges  of  electricity  attract  one  another  ;  that  electricity 
cannot  flow  through  glass ;  and  that  yet  electricity  can 
act  across  glass  by  induction.  Two  suspended  pith- 
balls,  one  electrified  positively  and  the  other  negatively, 
will  attract  one  another  across  the  intervening  air.  If 
a  plate  of  glass  be  put  between  them  they  will  still 
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attract  one  another,  though  neither  they  themselves  nor 
the  electric  charges  on  them  can  pass  through  the  glass. 
If  a  pith-ball  electrified  with  a  -  charge  be  hung  inside  a 
dry  glass  bottle,  and  a  rubbed  glass  rod  be  held  outside, 
the  pith-ball  will  rush  to  the  side  of  the  bottle  nearest  to 
the  glass  rod,  being  attracted  by  the  +  charge  thus 
brought  near  it.  If  a  pane  of  glass  be  taken,  and  a  piece 
of  tinfoil  be  stuck  upon  the  middle  of  each  face  of  the 
pane,  and  one  piece  of  tinfoil  be  charged  positively, 
and  the  other  negatively,  the  two  charges  will  attract 
one  another  across  the  glass,  and  will  no  longer  be  found 
to  be  free.  If  the  pane  is  set  up  on  edge,  so  that  neither 
piece  of  tinfoil  touches  the  table,  it  will  be  found  that 
hardly  any  electricity  can  be  got  by  merely  touching  either 
of  the  foils,  for  the  charges  are  "  bound,"  so  to  speak, 
by  each  other's  attractions ;  each  charge  is  inducing  the 
other.  In  fact  it  will  be  found  that  these  two  pieces  of 
tinfoil  may  be,  in  this  manner,  charged  a  great  deal 
more  strongly  than  either  of  them  could  possibly  be 
if  it  were  stuck  to  a  piece  of  glass  alone,  and  then  elec- 
trified. In  other  words,  the  capacity  of  a  conductor  is 
greatly  increased  when  it  is  placed  near  to  a  conductor 
electrified  with  the  opposite  kind  of  charge.  If  its 
capacity  is  increased,  a  greater  quantity  of  electricity 
may  be  put  into  it  before  it  is  charged  to  a  high  degree 
of  potential.  Hence,  such  an  arrangement  for  holding 
a  large  quantity  of  electricity  may  be  called  a  con- 
denser or  aooumulator  of  electricity. 

48.  Oondensera — Next,  suppose  that  we  have  two 
brass  discs,  A  and  B  (Fig.  30),  set  upon  insulating 
stems,  and  that  a  glass  plate  is  placed  between  them. 
Let  B  be  connected  by  a  wire  to  the  knob  of  an  electrical 
machine,  and  let  A  be  joined  by  a  wire  to  "  earth."  The 
+  charge  upon  B  will  act  inductively  across  the  glass 
plate  on  A,  and  will  repel  electricity  into  the  earth, 
leaving  the  nearest  face  of  A  negatively  electrified. 
This  -  charge    on  A  will    attract    the  +  charge    of 
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B  to  the  side  nearest  the  glass,  and  a  fresh  supply  of 
electricity  will  come  from  the  machine.  Thus  this  ar- 
rangement will  become  an  accumulator  or  condenser. 
If  the  two  brass  discs  are  pushed  up  close  to  the  glass 
plate  there  will  be  a  still  stronger  attraction  between  the 
+  and  —  charges,  because  they  are  now  nearer  one 
another,  and  the  inductive  action  will  be  greater ;  hence 
a  still  larger  quantity  can  be  accumulated  in  the  plates. 
We  see  then  that  the  capacity  of  an  accumulator  is 
increased  by  bringing  the  plates  near  together.  If 
now,  while  the  discs  are  strongly  charged,  the  wires 
are  removed  and  the  discs  are  drawn  backwards 
from  one  another,  the  two  charges  will  not  hold 
one  another  bound  so  strongly,  and  there  will  be  more 
free  electrification 
than    before    over  cf 

their  surfaces.  This 

« 

would  be  rendered 
evident  to  the  ex- 
perimenter by  the 
little  pith-ball  elec- 
troscopes fixed  to 
them  (see  the  Fig.), 
which  would  fly  out  Fig  ^o- 

as  the  brass  discs 

were  moved  apart.  We  have  put  no  further  charge  on 
the  disc  B,and  yet,  from  the  indications  of  the  electroscope, 
we  should  conclude  that  by  moving  it  away  from  disc  A 
it  has  become  electrified  to  a  higher  degree.  The  fact  is, 
that  while  the  conductor  B  was  near  the  -  charge  of  A 
the  capacity  of  B  was  greatly  increased,  but  on  moving 
it  away  from  A  its  capacity  has  diminished,  and  hence 
the  same  quantity  of  electricity  now  electrifies  it  to  a 
higher  degree 'than  before.  The  presence,  therefore,  of 
an  earth -connected  plate  near  an  insulated  conductor 
increases  its  capacity,  and  permits  it  to  accumulate  a 
greater  charge  by  attracting  and  condensing  the  elec- 
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tricity  upon  the  face  nearest  the  earth-plate,  the  surface- 
density  on  this  face  being  therefore  very  great.  Such 
an  arrangement  is  sometimes  called  a  condenser,  some- 
times an  accumulator.  We  shall  call  such  an  arrange- 
ment a  condenser  when  the  object  of  the  earth-connected 
plate  is  to  increase  the  surface-density  of  the  charge 
upon  one  face  of  the  insulated  conductor.  The  term 
accumulator  is  now  more  often  applied  to  batteries  for 
storing  the  energy  of  electric  currents  (Art.  415). 

The  stratum  of  air  between  the  two  discs  will  suffice 
to  insulate  the  two  charges  one  from  the  other.  The 
brass  discs  thus  separated  by  a  stratum  of  air  constitute 
an  air-condenser.  Such  condensers  were  first  devised 
by  Wilke  and  Aepinus. 

40.  Dielectrics. — In  these  experiments  the  sheet  of 
glass  or  layer  of  air  plays  an  important  part  by  permitting 
the  inductive  electric  influences  to  act  across  or  through 
them.  On  account  of  this  property  these  substances 
were  termed  by  Faraday  dielectrics.  All  dielectrics 
are  insulators,  but  equally  good  insulators  are  not  neces- 
sarily equally  good  dielectrics.  Air  and  glass  are  far  better 
insulators  than  ebonite  or  paraffin  in  the  sense  of  being 
much  worse  conductors.  But  induction  takes  place  better 
across  a  slab  of  glass  than  across  a  slab  of  ebonite  or 
paraffin  of  equal  thickness,  and  better  still  across  these 
than  across  a  layer  of  air.  In  other  words,  glass  is  a 
better  dielectric  than  ebonite,  or  paraffin,  or  air. 
Those  substances  which  are  good  dielectrics  are  said  to 
possess  a  high  inductive  capacity. 

50.  Capacity  of  a  Condenser.  —  It  appears, 
therefore,  that  the  capacity  of  a  condenser  will  depend 
upon — 

( 1 )  The  size  and  form  of  the  metal  plates  or  coatings. 

(2)  The  thinness  of  the  stratum  of  dielectric  between 

them ;  and 

(3)  The  inductive  capacity  of  the  dielectric. 

61.  The  Leyden  Jar. — The  Leyden  Jar,  called  after 
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the  city  where  it  was  invented,  is  a  convenient  form  of 

condenser.     It  tisually  consists  {Fig.  31)  of  a  glass  jar 

coated  up  to  a  certain  heiglit  on  the  inside  and  outside 

with  tinfoil.      A  brass  knob 

fixed  on  the  end   of  a    stout 

brass  wire  passes  downward 

through  a  lid  or  top  of  dry 

well -varnished      wood,     and 

communicates   by  a  loose  bit 

of  brass  chain  with  the  inner 

coating   of  foil.     To    charge 

the  jar   the  knob  if  held  to 

the   prime   conductor   of  an 

electrical  machine,  the  outer 

coating  being  either  held  in  * '' 

the  hand  or  connected  to  "  earth  "  by  a  wire  or  chain. 

When  a  +  charge  of  electricity  is  imparted  thus  to  the 

inner  coating,  it  acts  inductively  on  the  outer  coating, 

attracting  a  -  charge  into  the  face  of  the  outer  coating 
is,  and  repelling  a  +  charge  to  the  outside 
Lting,  and  thence  through  the  hand  or  wire 
to  earth.  After  a  few  moments  the 
jar  will  have  acquired  its  full  charge, 
the  outer  coating  being  -  and  the 
inner  + .  If  the  jar  is  of  good  glass, 
and  dry,  and  free  from  dust,  it  will 
retain  its  charge  for  many  hours  or 
days.  But  if  a  path  he  provided  by 
which  the  two  mutually  attracting 
electricities  can  flow  to  one  another, 
they  will  do  so,  and  the  jar  will  be 
I  instantaneously  discharged.  If  the 
outer  coating  be  grasped  with  one 
'^'  ^'*  hand,  and  the  knuckle  of  the  other 

hand  be  presented  to  the    knob    of  the  jar,    a  bright 

spark   will   pass    between    the  knob  and    the    knuckle 

with  a  sharp  report,  and  at  the  same  moment  a  convulsive 
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"  shock  "  will  be  communicated  to  the  muscles'  of  the 
wrists,  elbows,  and  shoulders.  A  safer  means  of  dis 
charging  the  Jar  is  afforded  by  the  discharging  tongs 
or  discharger  (Fig.  32),  which  consists  of  a  jointed 
brass  rod  provided  with  brass  knobs  and  a  glass  handle. 
One  knob  is  laid  against  the  outer  coating,  the  other  is 
then  brought  near  the  knob  of  the  jar,  and  a  bright 
snapping  spark  leaping  from  knob  to  knob  announces 
that  the  two  accumulated  charges  have  flowed  together, 
completing  the  discharge. 

62.  Discovery  of  the  Leyden  Jar. — The  dis- 
covery of  the  Leyden  jar  arose  from  the  attempt  of 
Musschenbroek  and  his  pupil  Cuneus^  to  collect  the 
supposed  electric  "fluid"  in  a  bottle  half  filled  with 
water,  which  was  held  in  the  hand  and  was  provided 
with  a  nail  to  lead  the  "  fluid  "  down  through  the  cork 
to  the  water  from  the  electric  machine.  Here  the 
water  served  as  an  inner  coating  and  the  hand  as  an 
outer  coating  to  the  jar.  Cuneus  on  touching  the  nail 
received  a  shock.  This  accidental  discovery  created 
the  greatest  excitement  in  Europe  and  America. 

63.  Residual  Charges.  —  If  a  Leyden  jar  be 
charged  and  discharged  and  then  left  for  a  little  time  to 
itself,  it  will  be  found  on  again  discharging  that  a  small 
second  spark  can  be  obtained.  There  is  in  fact  a 
residual  charge  which  seems  to  have  soaked  into  the 
glass  or  been  absorbed.  The  return  of  the  residual 
charge  is  hastened  by  tapping  the  jar.  The  amount  of 
the  residual  charge  varies  with  the  time  that  the  jar  has 
been  left  charged ;  it  also  depends  on  the  kind  of  the  glass 
of  which  the  jar  is  made.  There  is  no  residual  charge 
discoverable  in  an  air-condenser  after  it  has  once  been 
discharged. 

64.  Batteries  of  Leyden  Jars. — A  large  Leyden 
jar  will  give  a  more  powerful  shock  than  a  small  one, 

^  The  honour  of  the  invention  of  the  jar  is  also  claimed  for  Kleist, 
nishop  of  Pomerania. 
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for  a.  larger  charge  can  be  put  into  it ;  its  capacity  is 
greater,  A  Leyden  jar  made  of  i/iin  glass  has  a 
greater  capacity  as  an  accumulator  than  a  thick  one  of 
the  same  size ;  but  if  it  is  too  thin  it  will  be  destroyed 
when  powerfiiUy  charged  by  a  spark  actually  piercing 
the  glass.  "  Toughened  "  glass  is  less  easily  pierced 
than    ordinary   glass,    and   hence    Leyden  jars   made 


of  it  may  be  made  thinner,  and  so  will  hold  a  greater 
charge. 

If,  however,  it  is  desired  to  accumulate  a  very  great 
charge  of  electricity,  a  number  of  jars  must  be  em- 
ployed, all  their  inner  coatings  being  connected  together, 
and  all  their  outer  coatings  being  united.  This  arrange- 
ment is  called  a  Battery  of  Leyden  jara,  or  Leyden 
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battery.  Fig.  33.  As  it  has  a  large  capacity  it  will 
require  a  large  quantity  of  electricity  to  charge  it  fully. 
When  charged  it  produces  very  powerful  effects ;  its 
spark  will  pierce  glass  readily,  and  every  care  must  be 
taken  to  avoid  a  shock  from  it  passing  through  the 
person,  as  it  might  be  fatal.  The  "  Universal  Dis- 
charger "  as  employed  with  the  Leyden  battery  is  shoivn 
in  the  figure. 

65.   Seat   of    th©    oharee.  —  Benjamin    Franklin 

discovered  that  the  charges  of  the 

Leyden   jar  really  resided  on  the 

surface    of  the   glass,  not  on  the 

metallic  coatings.     This  he  proved 

by  means  of  a  jar  whose  coatings 

could  be  removed,   Fig.   34.      The 

jar  was  charged  and  placed  upon 

an   insulating    stand.      The   inner 

coating  was  then  lifted  out,  and  the 

glass  jar  was  then  taken  out  of  the 

outer    coating.       Neither    coating 

was  found  to  be  electrified  to  any 

extent,  but  on  again  putting  the  jar 

together  it  was  found  to  be  highly 

charged.     The  charges  had  all  the 

time  remained  upon  the  inner  and 

outer  surfaces  of  the  glass  dielectric. 

56.  Dielectric  Strain.— Fara- 

I  day  proved  that  the  medium  across 

which   induction  takes   place  really 

Fig.  34-  plays   an   important    part    in   the 

phenomena.       It   is    now   known 

that  all  dieletrics  across  which  inductive  actions  are  at 

work    are    thereby   strained}      Inasmuch   as   a    good 

vacuum  is  a  good  dielectric,  it  is  clear  that  it  is  not 


is  Ihs  I^OK 
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necessarily  the  material  particles  of  the  dielectric  sub- 
stance that  are  thus  aflfected ;  hence  it  is  believed  that 
electrical  phenomena  are  due  to  stresses  and  strains  in 
the  so-called  "aether,"  the  thin  medium  pervading  all 
matter  and  all  space,  whose  highly  elastic  constitution 
enables  it  to  convey  to  us  the  vibrations  of  light  though 
it  is  millions  of  times  less  dense  than  the  air.  As  the 
particles  of  bodies  are  intimately  surrounded  by  "aether," 
the  strains  of  the  "aether"  are  also  communicated  to 
the  particles  of  bodies,  and  they  too  suffer  a  strain. 
The  glass  between  the  two  coatings  of  tinfoil  in  the 
Leyden  jar  is  actually  strained  or  squeezed  between  the 
attracting  charges  of  electricity.  When  an  insulated 
charged  ball  is  hung  up  in  a  room  an  equal  amount  of 
the  opposite  kind  of  electricity  is  attracted  to  the  inside 
of  the  walls,  and  the  air  between  the  ball  and  the  walls 
is  strained  (electrically)  like  the  glass  of  the  Leyden 
jar.  If  a  Leyden  jar  is  made  of  thin  glass  it  may  give 
way  under  the  stress ;  and  when  a  Leyden  jar  is  dis- 
charged the  layer  of  air  between  the  knob  of  the  jar  and 
the  knob  of  the  discharging  tongs  is  more  and  more 
strained  as  they  are  approached  towards  one  another, 
till  at  last  the  stress  becomes  too  great,  and  the  layer  oif 
air  gives  way,  and  is  "perforated"  by  the  spark  that 
discharges  itself  across.  The  existence  of  such  stresses 
enables  us  to  understand  the  residual  charge  of  Leyden 
jars  in  which  the  glass  does  not  recover  itself  all  at  once, 
by  reason  of  its  viscosity,  from  the  strain  to  which  it 
has  been  subjected.  This  hypothesis,  that  eleotrio 
force  acts  across  space  in  consequence  of  the 
transmission  of  stresses  and  strains  in  the 
medium  with  which  space  is  filled,  is  now  entirely 
superseding  the  old  theory  of  action-at-a-distance,  which 
was  logically  unthinkable,  and  which,  moreover,  failed  to 
account  for  the  facts  of  observation, 


62  ELEMENTARY  LESSONS  ON         [chap.  i. 


Lesson  VIL — Other  Sources  of  Electricity. 

57.  It  was  remarked  at  the  close  of  Lesson  L 
(p.  I  o),  that  fWction  was  by  no  means  the  only  source 
of  electricity.  Some  of  the  other  sources  will  now  be 
named. 

68.  Percussion. — A  violent  blow  struck  by  one 
substance  upon  another  produces  opposite  electrical 
states  on  the  two  surfaces.  It  is  possible  indeed  to 
draw  up  a  list  resembling  that  of  Art.  5,  in  such  an 
order  that  each  substance  will  take  a  +  charge  on  being 
struck  with  one  lower  on  the  list.  Erman,  who  drew  up 
such  a  list  for  a  number  of  metals,  remarked  that  the 
order  was  the  same  as  that  of  the  thermo-electric  series 
given  in  Article  381. 

69.  Vibration. — ^Volpicelli  showed  that  vibrations 
set  up  within  a  rod  of  metal  coated  with  sulphur  or 
other  insulating  substance,  produced  a  separation  of 
electricities  at  the  surface  separating  the  metal  from  the 
non-conductor. 

60.  Disruption  and  Cleavage. — If  a  card  be  torn 
asunder  in  the  dark,  sparks  are  seen,  and  the  separated 
portions,  when  tested  with  an  electroscope,  will  be  found 
to  be  electrical.  The  linen  faced  with  paper  used  in 
making  strong  envelopes  and  for  paper  collars,  shows 
this  very  well.  Lumps  of  sugar,  crunched  in  the  dark 
between  the  teeth,  exhibit  pale  flashes  of  light.  The 
sudden  cleavage  of  a  sheet  of  mica  also  produces  sparks, 
and  both  laminae  are  found  to  be  electrified. 

61.  Crystallisation  and  Solidification. — Many 
substances,  after  passing  from  the  liquid  to  the  solid  state, 
exhibit  electrical  conditions.  Sulphur  fused  in  a  glass 
dish  and  allowed  to  cool  is  violently  electrified,  as  may 
be  seen  by  lifting  out  the  crystalline  mass  with  a  glass  rod. 
Chocolate  also  becomes  electrical  during  solidification. 
When  arsenic  acid  crystallises  out  from  its  solution  in 
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hydrochloric  acid,  the  formation  of  each  crystal  is  accom- 
panied by  a  flash  of  light,  doubtless  due  to  an  electrical 
discharge.  A  curious  case  occurs  when  the  sulphate  of 
copper  and  potassium  is  fused  in  a  crucible.  It  solidi- 
fies without  becoming  electrical,  but  on  cooling  a  little 
further  the  crystalline  mass  begins  to  fly  to  powder  with 
an  instant  evolution  of  electricity. 

62.  Combustion. — Volta  showed  that  combustion 
generated  electricity.  A  piece  of  burning  charcoal,  or  a 
burning  pastille,  such  as  is  used  for  fumigation,  placed  in 
connection  with  the  knob  of  a  gold-leaf  electroscope,  will 
cause  the  leaves  to  diverge. 

63.  Evaporation. — The  evaporation  of  liquids 
is  often  accompanied  by  electrification,  the  liquid  and 
the  vapour  assuming  opposite  states.  A  few  drops  of  a 
solution  of  sulphate  of  copper  thrown  into  a  hot  plati- 
num crucible  produce  violent  electrification  as  they 
evaporate. 

64.  Atmospheric  Electricity. — Closely  connected 
with  the  electricity  of  evaporation  is  the  atmospheric 
electricity  always  present  in  the  air,  and  due,  in  part 
at  least,  to  evaporation  going  on  over  the  oceans.  The 
subject  of  atmospheric  electricity  is  treated  of  sepa- 
rately in  Lesson  XXIV. 

66.  Pressure. — A  large  number  of  substances  when 
compressed  exhibit  electrification  on  their  surface.  Thus 
cork  becomes  +  when  pressed  against  amber,  gutta- 
percha, and  metals;  while  it  takes  a  -  charge  when 
pressed  against  spars  and  animal  substances.  Ahh6 
Haiiy  found  that  a  crystal  of  calcspar  pressed  between 
the  dry  fingers,  so  as  to  compress  it  along  the  blunt 
edges  of  the  crystal,  became  electrical,  and  that  it  re- 
tained its  electricity  for  some  days.  He  even  proposed 
to  employ  a  squeezed  suspended  crystal  as  an  electro- 
scope. A  similar  property  is  alleged  of  mica,  topaz, 
and  fluorspar.  Pressure  also  produces  opposite  kinds  of 
electrification  at  opposite  ends  of  a  crystal  of  tourmaline. 
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and   of   other  crystals   mentioned   in  the  next   para- 
graph. 

60,  Pyro-electricity. — There  are  certain  crystals 
which,  while  being  heated  or  cooled,  exhibit  electrical 
charges  at  certain  regions  or  poles.  Crystals  thus 
electrified  by  heating  or  cooling  are  said  to  be  pyro- 
electric.  Chief  of  these  is  the  Tourmaline,  whose 
power  of  attracting  light  bodies  to  its  ends  after  being 
heated  has  been  known  for  some  centuries.  It  is  alluded 
to  by  Theophrastus  and  Pliny  under  the  name  of  Lapis 
Lyncurius,  The  tourmaline  is  a  hard  mineral,  semi- 
transparent  when  cut  into  thin  slices,  and  of  a  dark 
green  or  brown  colour,  but  looking  perfectly  black  and 
opaque  in  its  natural  condition,  and  possessing  the  power 
of  polarising  light.  It  is  usually  foui>d  in  slightly  irregu- 
lar three-sided  prisms  which,  when  perfect,  are  pointed 
at  both  ends.  It  belongs  to  the  "  hexagonal "  system 
of  crystals,  but  is  only  hemihedral,  that  is  to  say,  has 
the  alternate  faces  only  developed.  Its  form  is  given 
in  Fig.  35,  where  a  general  view  is  first  shown,  the  two 
ends  A  and  B  being  depicted  in  separate  plans.  It  will 
be  noticed  that  these  two  ends  are  slightly  different 
from  each  other.  Each  is  made  up  of  three  sloping 
faces  terminating  in  a  point.  But  at  A  the  edges 
between  these  faces  run  down  to  the  comers  of  the 
prism,  while  in  B  the  edges  between  the  terminal  faces 
run  down  to  the  middle  points  of  the  long  faces  of  the 
prism.  The  end  A  is  known  as  the  analogous  pole, 
and  B  as  the  antilogous  pole.  While  the  crystal  is 
rising  in  temperature  A  exhibits  -i-  electrification,  B  - ; 
but  if,  after  having  been  heated,  it  is  allowed  to  cool, 
the  polarity  is  reversed;  for  during  the  time  that  the 
temperature  is  falling  B  is  +  and  A  is  -.  If  the 
temperature  is  steady  no  such  electrical  effects  are 
observed  either  at  high  or  low  temperatures ;  and  the 
phenomena  cease  if  the  crystal  be  warmed  above  1 50** 
C.     This  is  not,  however,  due,  as  Gaugain  declared,  to 
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the  crystal  becoming  a  conductor  at  that  temperature ; 
for  its  resistance  at  even  higher  temperatures  is  still  so 
great  as  to  make  it  practically  a  non-conductor.  A 
heated  crystal  of  tourmaline  suspended  by  a  silk  fibre 
may  be  attracted  and  repelled  by  electrified  bodies,  or 
by  a  second  heated  tourmaline ;  the  two  similar  poles 
repelling  one  another,  while  the  two  poles  of  opposite 
form  attract  one  another.  If  a  crystal  be  broken  up, 
each  fragment  is  found  to  possess  also  an  analogous  and 
an  antilogous  pole. 

67.  Many  other  crystals  beside  the  tourmaline  are 
more  or  less  pyro-electric.     Amongst  these  are  silicate  of 
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Fig-  35. 


Fig.  36. 


zinc  ("electric  calamine"),  boracite,  cane-sugar,  quartz, 
tartrate  of  potash,  sulphate  of  quinine,  and  several  others. 
Boracite  crystallises  in  the  form  shown  in  Fig.  36,  which 
represents  a  cube  having  four  alternate  comers  trun- 
cated. The  comers  not  truncated  behave  as  analogous 
poles,  the  truncated  ones  as  antilogous.  This  peculiar 
skew- symmetry  or  hemihedry  is  exhibited  by  all  the 
crystals  enumerated  above,  and  is  doubtless  due  to  the 
same  molecular  peculiarity  which  determines  their  sin- 
gular electric  property,  and  which  also,  in  many  cases, 
determines  the  optical  behaviour  of  the  crystal  in 
polarised  light. 
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ea    ATiimai  Eaeotriolty. — Several  species  of  crea- 
(ures  inhabiting  the  water  liave  the  power  of  producing 
electric  discharges  by  certain  portions  of  their  oiganisni. 
The   best  known  of  these  are  the   Torpedo,  the  Gym- 
Kotus,    and   the   Silurus,  found    in    the   Nile   and  the 
Niger.     The  Baio  Torpedo,^  or  electric  ray,  of  which 
there   are   three    species    in- 
habiting   the     Mediterranean 
and  Atlantic,  is  provided  with 
an  electric  organ  on  the  back 
1  of  its  head,  as  shown  in  Fig. 
37.       This  organ  consists    of 
laminfe  composed  of  polygonal 
cells  to  the  number  of  800  or 
1000,  or  more,  supplied  with 
four   lai^e  bundles   of  nerve 
fibres ;   the  under  surface  of 
the   fish   is  — ,  the  upper  + . 
I  n  the  GKymnotuB  eleotrlous, 
or  Surinam  eel  (Fig.  38),  the 
electric  oigan  goes  the  whole 
length  of  the  body  along  both 
sides.     It  is  able  to    give  a 
most  terrible  shock,  and  is  a 
formidable  antagonist  when  it 
has  attained  its  full  length  of 
5  or  6  feet     Humboldt  gives 
a  lively  account  of  the  combats 
between  the  electric  eels  and 
the  wild  horses,  driven  by  the 
natives  into  the    swamps  in- 
'^'  ^^'  habited  by  the  Gymnotus. 

Mobili,  Matteucci,  and  others,  have  shown  that  nerve- 

ir  Ihe  iQTpedo,  rs-ttd^ 
lil  is  puHaps  not  sa  curious  as  thai  the  EUctra  of 
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excitations  and  muscular  contractions  of  human  beings 
also  give  rise  to  feeble  discharges  of  electricity. 


Fig.  38. 

69.  Electricity  of  Vegetables. — Buff  thought  he 
detected  electrification  produced  by  plant  life ;  the  roots 
and  juicy  parts  being  negatively,  and  the  leaves  posi- 
tively, electrified.  The  subject  has,  however,  been  little 
investigated. 

70.  Thermo-electricity.  —  Heat  applied  at  the 
junction  of  two  dissimilar  metals  produces  a  flow  of 
electricity  across  the  junction.  This  subject  is  discussed 
in  Lesson  XXXIV.  on  Thermo-electric  Currents, 

7L  Contact  of  dissimilar  Metala — ^Volta  showed 
that  the  contact  of  two  dissimilar  metals  produced 
opposite  kinds  of  electricity  on  the  two  surfaces,  one 
becoming  positively,  and  the  other  negatively,  electrified. 
This  he  proved  in  several  ways,  one  of  the  most  con- 
clusive proofs  being  that  afforded  by  his  condensing 
electroscope.  This  consisted  of  a  gold-leaf  elec- 
troscope combined  with  a  small  condenser.  A  metallic 
plate  formed  the  top  of  the  electroscope,  and  on  this 
was  placed  a  second  metallic  plate  furnished  with  a 
handle,  and  insulated  from  the  lower  one  by  being  well 
varnished  at  the  surface  (Fig.  68).  As  the  capacity  of 
.such  a  condenser  is  considerable,  a  very  feeble  source 
may  supply  a  quantity  of  electricity  to  the  condenser  with- 
out materially  raising  its  potential,  or  causing  the  gold 
leaves  to  diverge.  But  if  the  upper  plate  be  lifted,  the 
capacity  of  the  lower  plate  diminishes  enormously,  and 
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the  potential  of  its  charge  rises  as  shown  by  the  diverg- 
ence of  the  gold  leaves.  To  prove  by  the  condensing 
electroscope  that  contact  of  dissimilar  metals  does 
produce  electrification,  a  small  compound  bar  made  of 
two  dissimilar  metals — say  zinc  and  copper — soldered 
together,  is  held  in  the  hand,  and  one  end  of  it  is  touched 
against  the  lower  plate,  the  upper  plate  being  placed  in 
contact  with  the  ground  or  touched  with  the  finger. 
When  the  two  opposing  charges  have  thus  collected  in 
the  condenser  the  upper  plate  is  removed,  and  the 
diverging  of  the  gold  leaves  shows  the  presence  of  a 
free  charge,  which  can  afterwards  be  examined  to  see 
whether  it  be  +  or  - .  For  a  long  time  the  existence 
of  this  electricity  of  contact  was  denied,  or  rather  it  was 
declared  to  be  due  (when  occurring  in  voltaic  combina- 
tions such  as  are  described  in  Lesson  XIIL)  to  chemical 
actions  going  on ;  whereas  the  real  truth  is  that  the 
electricity  of  contact  and  the  chemical  action  are  both 
due  to  molecular  conditions  of  the  substances  which 
come  into  contact  with  one  another,  though  we  do  not 
yet  know  the  precise  nature  of  the  molecular  conditions 
which  give  rise  to  these  two  effects.  Later  experiments, 
especially  those  made  with  the  delicate  electrometers  of 
Sir  W.  Thomson  (Fig.  loi),  put  beyond  doubt  the  reality 
of  Volta's  discovery.    One  simple  experiment  explains  the 

method   adopted.      A  thin    strip   or 
needle  of  metal  is  suspended  so  as 
to  turn  about  a  point  C     It  is  elec- 
trified from  a  known  source.     Under 
it  are  placed  (Fig.  39)  two  semicir- 
cular discs,  or  half-rings  of  dissimilar 
metals.      Neither  attracts  or  repels 
the  electrified  needle  until  the  two  are 
brought  into  contact,  or  connected  by 
a  third  piece  of  metal,  when  the  needle  immediately  turns, 
being  attracted  by  the  one  that  is  oppositely  electrified,  and 
repelled  by  the  one  that  is  similarly  electrified  with  itself 
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72.  Volta  found,  moreover,  that  the  differences  of 
electric  potential  between  the  different  pairs  of  metals 
were  not  all  equal.  Thus,  while  zinc  and  lead  were 
respectively  +  and  —  to  a  slight  degree,  he  found  zinc 
and  silver  to  be  respectively  +  and  -  to  a  much  greater 
degree.  He  was  able  to  arrange  the  metals  in  a  series 
such  that  each  one  enumerated  became  positively  elec- 
trified when  placed  in  contact  with  one  below  it  in  the 
series.  Those  in  italics  are  added  from  observations 
made  since  Volta's  time — 

Contact -Series  of  Metals  (in  Air). 

+ Sodium, 

Magnesium, 

Zinc. 

Lead. 

Tin. 

Iron. 

Copper. 

Silver. 

Gold. 

Platinum, 
—  Graphite  (Carbon). 
Though  Volta  gave  rough  approximations,  the  actual 
numerical  values  of  the  differences  of  potential  for 
different  pairs  of  metals  have  only  lately  been  measured 
by  Ayrton  and  Perry,  a  few  of  whose  results  are  tabu- 
lated here — 


Zinc 

Lead 

Tin 


} 
} 
} 


1 


Iron 
Copper    J 

.     \ 

Platinum  / 
Carbon    } 


Difference  of  Potential 
(in  volts). 

•210 


•069 

•313 
•146 

•238 
•113 
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The  difference  of  potential  between  zinc  and  carbon  is 
the  same  as  that  obtained  by  adding  the  successive 
differences,  or  1*09  volts.^  Volta's  observations  may 
therefore  be  stated  in  the  following  generalised  form, 
known  as  Volta's  Law.  The  difference  of  potential 
between  any  ^iwo  metdtS  ts  equal  to  the  sum  of  the  differ- 
ences of  potentials  between  the  intervening  metals  in  the 
contact-series. 

It  is  most  important  to  notice  that  the  order  of  the 
metals  in  the  contact -series  in  air  is  almost  identical 
with  that  of  the  metals  arranged  according  to  their 
electro-chemical  power,  as  calculated  from  their  chemical 
equivalents  and  their  heat  of  combination  with  oxygen 
(see  Table,  Art.  422  (bis).  From  this  it  would  appear 
that  the  difference  of  potentials  between  a  metal  and  the 
air  that  surrounds  it  measures  the  tendency  of  that 
metal  to  become  oxidised  by  the  air.  If  this  is  so,  and 
if  (as  is  the  case)  the  air  is  a  bad  conductor  while  the 
metals  are  good  conductors,  it  ought  to  follow  that  when 
two  different  metals  touch  they  equalise  their  own 
potentials  by  conduction  but  leave  the  films  of  air  that 
surround  them  at  different  potentials.  All  the  exact 
experiments  yet  made  have  measured  the  difference  of 
potentials  not  between  the  metals  themselves,  but 
between  the  air  near  one  metal  and  that  near  another 
metal.  All  this  is  most  important  in  the  theory  of  the 
voltaic  cell. 

*73.  A  difference  of  potential  is  also  produced  by  the 
contact  of  two  dissimilar  liquids  with  one  another. 

A  liquid  and  a  metal  in  contact  with  one  another 
also  exhibit  a  difference  of  potential. 

A  hot  metal  placed  in  contact  with  a  cold  piece  of 
the  same  metal  also  produces  a  difference  of  potential, 
electrical  separation  taking  place  across  the  surface  of 
contact. 

1  For  the  definiti9n  of  the  volt^  or  unit  of  difference  of  potential,  see  Art. 
323- 
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Lastly,  it  has  been  shown  by  Prof.  J.  J.  Thomson  that 
the  surface  of  contact  between  two  non-conducting  sub- 
stances, such  as  sealing-wax  and  glass,  is  the  seat  of  a 
permanent  difference  of  potentials. 

74.  Magneto-electricity. — Electricity,  in  the  form 
of  currents  flowing  along  in  wires,  can  be  obtained  from 
magnets  by  moving  closed  conducting  circuits  in  their 
neighbourhood.  As  this  source  of  electricity  yields 
currents  rather  than  statical  charges  of  electricity,  the 
account  of  it  is  deferred  to  Lesson  XXXVI. 

75.  Summary. — We  have  seen  in  the  preceding 
paragraphs  how  almost  all  conceivable  agencies  may 
produce  electrification  in  bodies.  The  most  important 
of  these  are  friction,  heat,  chemical  action,  magnetism, 
and  the  contact  of  dissimilar  substances.  We  noted 
that  the  production  of  electricity  by  friction  depended 
largely  upon  the  molecular  condition  of  the  surfaces. 
We  may  here  add  that  the  difference  of  potentials  pro- 
duced by  contact  of  dissimilar  substances  also  varies 
with  the  temperature  and  with  the  nature  of  the  medium 
(air,  vacuum,  etc.)  in  which  the  experiments  are  made. 
Doubtless  this  source  also  depends  upon  the  molecular 
conditions  of  dissimilar  substances  being  different ;  the 
particles  at  the  surfaces  being  of  different  sizes  and 
shapes,  and  vibrating  with  different  velocities  and  with 
different  forces.  There  are  (see  Art.  lo)  good  reasons 
for  thinking  that  the  electricity  of  friction  is  really  due 
to  electricity  of  contact,  excited  at  successive  portions  of 
the  surfaces  as  they  are  moved  over  one  another.  But 
of  the  molecular  conditions  of  bodies  which  determine 
the  production  of  electricity  where  they  come  into  con- 
tact, little  or  nothing  is  yet  known. 
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CHAPTER    II. 

MAGNETISM. 

Lesson  VIII. — Magnetic  Attraction  and  Repulsion, 

76.  Natural  Magrnets  or  Lodestonea — The 
name  Magnet  (Magnes  Lapis)  was  given  by  the 
ancients  to  certain  hard  black  stones  found  in  various 
parts  of  the  world,  notably  at  Magnesia  in  Asia  Minor, 
which  possessed  the  property  of  attracting  to  them  small 
pieces  of  iron  or  steel.  This  magic  property,  as  they 
deemed  it,  made  the  magnet-stone  famous ;  but  it  was 
not  until  the  tenth  or  twelfth  century  that  such  stones 
were  discovered  to  have  the  still  more  remarkable  pro- 
perty of  pointing  north  and  south  when  hung  up  by 
a  thread.  This  property  was  turned  to  advantage  in 
navigation,  and  from  that  time  the  magnet  received  the 
name  of  Lodestone^  (or  "leading- stone").  The 
natural  magnet  or  lodestone  is  an  ore  of  iron,  known  to 
mineralogists  as  magnetite  and  having  the  chemical 
composition  Fe^  0*.  This  ore  is  foimd  in  quantities  in 
Sweden,  Spain,  Arkansas,  the  Isle  of  Elba,  and  other 
parts  of  the  world,  though  not  always  in  the  magnetic 
condition.  It  frequently  occurs  in  crystals ;  the  usual 
form  being  the  regular  octahedron. 

77.  Artificial  Magrnets. — If  a  piece  of  iron,  or, 
better  still,  a  piece  of  hard  steel,  be  rubbed  with  a  lode- 
stone,  it  will  be  found  to  have  also  acquired  the  properties 
characteristic  of  the  magnet ;  it  will  attract  light  bits  of 

1  The  common  spelling  /Mu&tone  is  due  to  misapprehension. 
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iron,  and,  if  hung  up  by  a  thread  it  will  point  north 
and  south.  Figures 
40  and  41  represent 
a  natural  lodestone 
and  an  artificial 
magnet  of  steel,  each 
of  which  has  been 
dipped  into  iron- 
filings  ;  the  filings 
are  attracted  and 
adhere  in  tufts. 


Figs.  40  and  41. 


78.  Discoveries  of  Dr.  Gilbert. — This  was  all,  or 
nearly  all,  that  was  known  of  the  magnet  until  1600, 
when  Dr.  Gilbert  published  a  large  number  of  magnetic 
discoveries  in  his  famous  work  "Z?^  Magnete.^^  He 
observed  that  the  attractive  power  of  a  magnet  appears 
to  reside  at  two  regions,  and  in  a  long-shaped  magnet 
these  regions,  or  poles,  are  usually  at  the  ends  (see  Figs. 
40  and  41).  The  portion  of  the  magnet  which  lies  be- 
tween the  two  poles  is  apparently  less  magnetic,  and 
does  not  attract  iron-filings  so  strongly ;  and  all  round 
the  magnet,  halfway  between  the  poles,  there  is  no 
attraction  at  all.  This  region  Gilbert  called  the  equator 
of  the  magnet,  and  the  imaginary  line  joining  the  poles 
he  termed  the  axis. 

79.  Magnetic  Needle. — To  investigate  more  fully 
the  magnetic  forces  a  magnetic  needle  is  employed. 
This  consists  (Fig.  42)  of  a  light  needle  cut  out  of  steel, 
and  fitted  with  a  little  cap  of  brass,  glass,  or  agate,  by 
means  of  which  it  can  be  hung  upon  a  sharp  point,  so 
as  to  turn  with  very  little  friction.  It  is  made  into  a 
magnet  by  being  rubbed  upon  a  magnet;  and  when 
thus  magnetised  will  turn  into  the  north -and -south 
position,  or,  as  we  should  say,  will  set  itself  in  the 
"magnetic  meridian"  (Art.  136).  The  compass  sold 
by  opticians  consists  of  such  a  needle  balanced  above  a 
card  marked  with  the  "  points  of  the  compass.'* 
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80.  Magrnetic  Attractions  and   Bepulsiona — 

If  we  take  a  magnet 


(either  natural  or 
artificial)  in  our  hand 
and  present  the  two 
"  poles  "  of  it  succes- 
sively to  the  north- 
pointing  end  of  a 
magnetic  needle,  we 
shall  observe  that 
one  pole  of  the  mag- 
net attracts  it,  while 
the   other   repels  it. 

(Fig.  43.)  If  we 
repeat  the  experi- 
ment on  the  south- 
pointing  end  of  the 
magnetic  needle,  we 
shall  find  that  it  is 
repelled  by  one  pole 
and  attracted  by 
the  other ;  and  that  the  same  pole  which  attracts  the 
north-pointing  end 
of  the  needle  re- 
pels the  south- 
pointing  end. 

If  we  try  a  simi- 
lar experiment  on 
the  magnetic 

needle,  using  for 
a  magnet  a  second 
magnetised  needle 
which  has  previ- 
ously   been    sus- 


Fig.  42. 


Fig-  43- 


pended,  and  which  has  its  north-pointing  end  marked 
to  distinguish  it  fiom  the  south-pointing  end,  we  shall 
discover  that  the  N.-pointing  pole  repels  the  N. -pointing 
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pole,  and  that  the  S. -pointing  pole  repels  the  S.-pointing 
pole ;  but  that  a  N.-pointing  pole  attracts  and  is  attracted 
by  a  S.-pointing  pole. 

81.  Two  kinds  of  Magrnetio  Polea — ^There  would 
therefore  appear  to  be  two  opposite  kinds  of  magnetism, 
or  at  any  rate  two  opposite  kinds  of  magnetic  poles, 
which  attract  or  repel  one  another  in  very  much  the 
same  fashion  as  the  two  opposite  kinds  of  electricity  do ; 
and  one  of  these  kinds  of  magnetism  appears  to  have  a 
.tendency  to  move  toward  the  north  and  the  other  to 
move  toward  the  south.  It  has  been  proposed  to  call 
these  two  kinds  of  magnetism  <<  north-seeking  magnet- 
ism "  and  "  south-seeking  magnetism,"  but  for  our  pur- 
pose it  is  sufficient  to  distinguish  between  the  two  kinds 
of  poles.  In  common  parlance  the  poles  of  a  magnet 
are  called  the  "  North  Pole  "  and  "  South  Pole  "  respect- 
ively, and  it  is  usual  for  the  makers  of  magnets  to  mark 
the  N.-pointing  pole  with  a  letter  N.  It  is  therefore 
sometimes  called  the  "  marked "  pole,  to  distinguish  it 
from  the  S.-pointing  or  "  unmarked  "  pole.  We  shall,  to 
avoid  any  doubt,^  call  that  pole  of  a  magnet  which 
would,  if  the  magnet  were  suspended,  tend  to  turn  to  the 

1  It  is  necessary  to  be  precise  on  this  point,  as  there  is  some  confusion  in 
the  exbting  text-books.  The  cause  of  the  confusion  is  thb : — If  the  north- 
pointing  pole  of  a  needle  is  attracted  by  magnetism  residing  near  the  North 
Pole  of  the  earth,  the  law  of  attraction  (that  uttlike  poles  attract)^  shows  us 
that  these  two  poles  are  really  magnetically  of  opposite  kinds.  Which  are 
we  then  to  call  north  magnetism  ?  That  which  is  at  the  N.  pole  of  the  earth  ? 
If  so,  we  must  say  that  the  N.-pointing  pole  of  the  needle  contains  south 
magnetism.  And  if  we  call  that  north  magnetism  which  points  to  the  north, 
then  we  must  suppose  the  magnetic  pole  at  the  north  pole  of  the  earth  to  have 
south  magnetism  in  it.  In  either  case  there  is  then  a  difficulty.  The  Chinese 
and  the  French  call  the  N.-pointing  pole  of  the  needle  a  south  pole,  and  the 
S.-pointing  pole  a  north  pole.  Sir  Wm.  Thomson  also  calls  the  N.-pointing 
pole  a  "True  South"  pole.  But  common  practice  goes  the  other  way,  and 
calls  the  N.-pointing  pole  of  a  magnet  its  "  North  "  pole.  For  experimental 
purposes  it  is  usual  to  paint  the  two  poles  of  a  magnet  of  different  colours, 
the  N. -seeking  pole  being  coloured  red  and  the  S. -seeking  pole  bine;  but 
here  again,  strangely  enough,  authorities  differ,  for  in  the  collections  of 
^  apparatus  at  the  Royal  Institution  and  Royal  School  of  Mines,  the  colours 
*  are  used  in  exactly  the  opposite  way  to  this,  v^ch  b  due  to  Sir  G.  Airy. 
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north,  the  "North -seeking"  pole,  and  the  other  the 
"  South-seeking  "  pole. 

We  may  therefore  sum  up  our  observations  in  the 
concise  statement :  Like  magnetic  poles  repel  one  another; 
unlike  poles  attract  one  another.  This  we  may  call  the 
first  law  of  magnetism. 

82.  The  two  Poles  inseparable. — It  is  impossible 
to  obtain  a  magnet  with  only  one  pole.  If  we  magnetise 
a  piece  of  steel  wire,  or  watch  spring,  by  rubbing  it  with 
one  pole  of  a  magnet,  we  shall  find  that  still  it  has  two 
poles — one  N.-seeking,  the  other  S.-seeking,  And  if  we 
break  it  into  two  parts,  each  part  will  still  have  two 
poles  of  opposite  kinds. 

83.  Magnetic  Force. — The  force  with  which  a 
magnet  attracts  or  repels  another  magnet,  or  any  piece 
of  iron  or. steel,  we  shall  call  magnetic  force?-  The 
force  exerted  by  a  magnet  upon  a  bit  of  iron  or  on  another 
magnet  is  not  the  same  at  all  distances,  the  force  being 
greater  when  the  magnet  is  nearer,  and  less  when  the 
magnet  is  farther  off.  In  fact  the  attraction  due  to  a 
magnet-pole  falls  oflf  inversely  as  the  square  of  the 
distance  from  the  pole.     (See  Art.  117.) 

Whenever  a  force  acts  thus  between  two  bodies,  it  acts 
on  both  of  them,  tending  to  move  both.  A  magnet  wiU 
attract  a  piece  of  iron,  and  a  piece  of  iron  will  attract  a 

JB       magnet.      This   was   shown   by 

-- -'•-"—"'•niairfililP*^^    Sir   Isaac  Newton,  who  fixed  a 

^^'j^^bS^S^^P^   magnet  upon  a  piece  of  cork  and 

'^j^^BS^^^^^^   floated    it   in   a  basin  of  water 

"^'^^^""^^"°*^^^^"    -— ^    (Fig*  44)>  and  found  that  it  moved 

^-^-=^=-^-  —   across  the  basin  when  a  piece  of 

*^'  ^'  iron  was  held  near.     A  compass 

needle  thus  floated  turns  round  and  points  north  and 

south;   but   it   does  not  rush  towards   the  north  as  a 

whole,  nor  towards  the  south.     The  reason  of  this  will 

be  explained  later,  in  Art.  117. 

I  See  footnote  on  "  Force,"  Art  155. 
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Gilbert  suggested  that  the  force  of  a  magnet  might  be 
measured  by  making  it  attract  a  piece  of  iron  hung  to 
one  arm  of  a  balance,  weights  being  placed  in  the  scale- 
pan  hanging  to  the  other  arm ;  and  he  found,  by  hang- 
ing the  magnet  to  the  balance  and  placing  the  iron 
beneath  it,  that  the  effect  produced  was  the  same.  The 
action  and  reaction  are  then  equal  for  magnetic  forces. 

84.  Attraction  across  bodiea — If  a  sheet  of 
glass,  or  wood,  or  paper,  be  interposed  between  a  magnet 
and  the  piece  of  iron  or  steel  it  is  attracting,  it  will  still 
attract  it  as  if  nothing  were  interposed.  A  magnet 
sealed  up  in  a  glass  tube  still  acts  as  a  magnet.  Lucre- 
tius found  a  magnet  put  into  a  brass  vase  attracted  iron 
filings  through  the  brass.  Gilbgt  surrounded  a  magnet 
by  a  ring  of  flames,  and  found  iit  still  to  be  subject  to 
magnetic  attraction  from  without.'*  Across  w'ater,  vacuum^ 
and  all  known  substances,  the  magnetic  forces  will  act ; 
with  the  single  exception,  however,  that  magnetic  force 
will  not  act  across  a  screen  of  iron  or  other  magnetic 
material.  If  a  small  magnet  is  suspended  inside  a 
hollow  ball  made  of  iron,  no  outside  magnet  will  affect  it. 
A  hollow  shell  of  iron  will  therefore  act  as  a  magnetic 
cagey  and  screen  the  space  inside  it  from  magnetic 
influences. 

85.  Magnetic  Substances.  —  A  distinction  was 
drawn  by  Gilbert  between  magnets  and  magnetic 
substances.  A  magnet  attracts  only  at  its  poles,  and 
they  possess  opposite  properties.  But  a  lump  of  iron 
will  attract  either  pole  of  the  magnet,  no  matter  what 
part  of  the  lump  be  presented  to  the  magnet.  It  has  no 
distinguishable  fixed  "poles,"  and  no  magnetic  "equator." 
A  true  magnet  has  poles,  one  of  which  is  repelled  by  the 
pole  of  another  magnet. 

86.  Other  Magrnetic  Metala — Later  experimenters 
have  extended  the  list  of  substances  which  are  attracted 
by  a  magnet.  In  addition  to  iron  (and  steel)  the  follow- 
ing metals  are  recognised  as  magnetic : — 


\ 
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Nickel.  Chromium. 

Cobalt.  Cerium. 

Manganese, 

and  a  few  others.  But  only  nickel  and  cobalt  are  at  all 
comparable  with  iron  and  steel  in  magnetic  power,  and 
even  they  are  very  far  inferior.  Other  bodies,  sundry  salts 
of  iron  and  other  metals,  paper,  porcelain,  and  oxygen 
gas,  are  also  very  feebly  attracted  by  a  powerful  magnet. 

87.  Diamagnetisxn. — ^A  number  of  bodies,  notably 
bismuth,  antimony,  phosphorus,  and  copper,  are  repelled 
from  the  poles  of  a  magnet.  Such  bodies  are  called 
diamagneiic  bodies;  a  ftiller  account  of  them  will  be 
found  in  Lesson  XXVIII. 

88.  The  Earth  a  Magrnet.  —  The  greatest  of 
Gilbert's  discoveries  was  that  of  the  inherent  magnetism 
of  the  earth.  The  earth  is  itself  a  great  magnet^ 
whose  "  poles  "  coincide  nearly,  but  not  quite,  with  the 
geographical  north  and  south  poles,  and  therefore  it  causes 
a  freely-suspended  magnet  to  turn  into  a  north  and  south 
position.  The  subject  of  Terrestrial  Magnetism  is 
treated  of  in  Lesson  XII.  It  is  evident  from  the  first 
law  of  magnetism  that  the  magnetic  condition  of  the 
northern  regions  of  the  earth  must  be  the  opposite  to 
that  of  the  north-seeking  pole  of  a  magnetised  needle. 
Hence  arises  the  difficulty  alluded  to  on  page  75. 

89.  Magrnetio  Inductioxi.  —  Magnetism  may  be 
communicated  to  a  piece  of  iron,  without  actual  contact 
with  a  magnet.  If  a  short,  thin  unmagnetised  bar  of 
iron,  be  placed  near  some  iron  filings,  and  a  magnet  be 
brought  near  to  the  bar,  the  presence  of  the  magnet 
will  induce  magnetism  in  the  iron  bar,  and  it  will  now 
attract  the  iron  filings  (Fig.  45).  This  inductive  action 
is  very  similar  to  that  observed  in  Lesson  III.  to  take 
place  when  an  electrified  body  was  brought  near  a  non- 
electrified  one.  The  analogy,  indeed,  goes  farther  than 
this,  for  it  is  found  that  the  iron  bar  thus  magnetised  by 
induction  will  have  two  poles ;  the  pole  nearest  to  the 


'/ 
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pole  of  the  inducing  magnet  being  of  the  opposite  kind, 
while  the  pole  at  the  farther  end  of  the  bar  is  of  the 
same  kind  as  the  inducing  pole.  Magnetism  can,  how- 
ever, only  be  induced  in  those  bodies  which  we  have 
enumerated  as  magnetic  bodies ;  and  those  bodies  in 
which  a  magnetising  force  produces  a  high  degree  of 
magnetisation  are  said  to  possess  a  high  co-efficimt 
of  magnetisation.  It  will  be  shown  presently  that 
magnetic  induction  takes  place  along  certain  direc- 
tions called  lines  of  magnetic  induction^  or  lines  of 
magiulic  force,  which  may  pass  either  through  iron 
and   other   magnetic   media,    or  through    air,  vacuum, 


glass,  or  other  non-magnetic  media  :  and,  since  induction, 
goes  on  most  freely  in  bodies  of  high  magnetic  suscepti- 
bility, those  lines  of  force  are  sometimes  (though  not 
too  accurately)  said  to  "pass  by  preference  through 
magnetic  matter,"  or,  that  "  magnetic  matter  conducts 
the  lines  of  force." 

Although  magnetic  induction  takes  place  at  a  distance 
across  an  intervening  layer  of  air,  glass,  or  vacuum, 
there  is  no  doubt  that  the  intervening  medium  is  directly 
concerned  in  the  transmission  of  the  magnetic  force, 
though  probably  the  true  medium  is  the  ";ether"  of 
space  surrounding  the  molecules  of  matter,  not  the 
molecules  themselves. 
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We  now  can  see  why  a  magnet  should  attract  a  not- 
previously-magnetised  piece  of  iron ;  it  first  magnetises 
it  by  induction  and  then  attracts  it :  for  the  nearest  end 
will  have  the  opposite  kind  of  magnetism  induced  in  it, 
and  will  be  attracted  with  a  force  exceeding  that  with 
which  the  more  distant  end  is  repelled.  But  indtiction 
precedes  attraction, 

90.  Retention  of  Magnetisation. — Not  all  mag- 
netic substances  can  become  magnets  permanently. 
Lodestone,  steel,  and  nickel,  retain  permanently  the 
greater  part  of  the  magnetism  imparted  to  them.  Cast 
iron  and  many  impure  qualities  of  wrought  iron  also 

retain  magnetism  imperfectly. 
Pure  soft  iron  is,  however,  only 
temporarily  magnetic.  The 
following  experiment  illustrates 
the  matter : — Let  a  few  pieces 
of  iron  rod,  or  a  few  soft  iron 
nails  be  taken.  If  one  of  these 
(see  Fig.  46)  be  placed  in  con- 
tact with  the  pole  of  a  perma- 
nent steel  magnet,  it  is  attracted 
to  it,  and  becomes  itself  a  tem- 
^^*  '*  '  porary  magnet.     Another  bit  of 

iron  may  then  be  hung  to  it,  and  another,  until  a  chain 
of  four  or  five  pieces  is  built  up.  But  if  the  steel 
magnet  be  removed  from  the  top  of  the  chain,  all  the 
rest  drop  off,  and  are  found  to  be  no  longer  magnetic. 
A  similar  chain  of  steel  needles  may  be  formed,  but 
they  will  retain  their  magnetism  permanently. 

It  will  be  found,  however,  that  a  steel  needle  is  more 
difficult  to  magnetise  than  an  iron  needle  of  the  same 
dimensions.  It  is  harder  to  get  the  magnetism  into 
steel  than  into  iron,  and  it  is  harder  to  get  the  magnetism 
out  of  steel  than  out  of  iron ;  for  the  steel  retains  the 
magnetism  once  put  into  it.  This  power  of  resisting 
magnetisation  or  demagnetisation,  is  sometimes  called 
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coercive  force;  a  much  better  term,  due  to  Latnont, 
is  retentivity.  The  retentivity  of  hard-tempered  steel 
is  great ;  that  of  soft  wrought  iron  is  very  small.  The 
harder  the  steel,  the  greater  its  retentivity. 

01.  Theories  of  Magnetism. — The  student  will 
not  have  failed  to  observe  the  striking  analogies  between 
the  phenomena  of  attraction,  repulsion,  induction,  etc., 
of  magnetism  and  those  of  electricity.  Yet  the  two  sets 
of  phenomena  are  quite  distinct.  A  positively  electrified 
body  does  not  attract  either  the  North -pointing  or  the 
South -pointing  pole  of  the  magnet  as  such ;  in  fact,  it 
attracts  either  pole  quite  irrespective  of  its  magnetism, 
just  as  it  will  attract  any  other  body.  There  does 
exist,  indeed,  a  direct  relation  between  magnets  and 
currents  of  electricity,  as  will  be  later  explained.  There 
is  none  known,  however,  between  magnets  and  stationary 
charges  of  electricity. 

No  theory  as  to  the  nature  of  magnetism  has  yet 
been  placed  before  the  reader,  who  has  thus  been  told 
the  fundamental  fcu:ts  without  bias.  In  many  treatises 
it  is  the  fashion  to  speak  of  a  magnetic  fluid  or  fluids  ; 
it  is,  however,  absolutely  certain  that  magnetism  is  not 
a  fluids  whatever  else  it  may  be.  The  term,  which  is  a 
relic  of  bygone  times,  is  only  tolerated  because,  under 
certain  circumstances,  magnetism  distributes  itself  in 
magnetic  bodies  in  the  same  manner  as  an  elastic 
fluid  would  do.  Yet  the  reasons  against  its  being  a 
fluid  are  even  more  conclusive  than  in  the  case  of 
electricity.  An  electrified  body  when  touched  against 
another  conductor,  electrifies  the  conductor  by  giving 
up  a  part  of  its  electricity  to  it.  But  a  magnet  when 
rubbed  upon  a  piece  of  steel  magnetises  it  without 
giving  up  or  losing  any  of  its  own  magnetism,  A  fluid 
cannot  possibly  propagate  itself  indefinitely  without  loss. 
The  arguments  to  be  derived  from  the  behaviour  of 
a  magnet  on  breaking,  and  from  other  experiments 
narrated  in  Lesson  X.,  are  even  stronger.     No  theory 
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of  magnetism  will  therefore  be  propounded  until  these 
facts  have  been  placed  before  the  student. 

Lesson  IX. — Methods  of  Making  Magnets, 

92.  Magrnetisation  by   Single   Touch.  —  It  has 

been  so  far  assumed  that  bars  or  needles  of  steel  were 
to  be  magnetised  by  simply  touching  them,  or  stroking 
them  from  end  to  end  with  the  pole  of  a  permanent  magnet 
of  lodestone  or  steel.  In  this  case  the  last  touched  point 
of  the  bar  will  be  a  pole  of  opposite  kind  to  that  used 
to  touch  it ;  and  a  more  certain  effect  is  produced  if  one 
pole  of  the  magnet  be  rubbed  on  one  end  of  the  steel 
needle,  and  the  other  pole  upon  the  other  end.  There 
are,  however,  better  ways  of  magnetising  a  bar  or  needle. 

93.  Maernetisation  by  Divided  Touch. — In  this 
method  the  bar  to  he  magnetised  is  laid  down  hori- 
zontally ;  two  bar  magnets  are  then  placed  down  upon  it, 
their  opposite  poles  being  together.  They  are  then 
drawn  asunder  from  the  middle  of  the  bar  towards  its 


Fig.  47. 

ends,  and  back,  several  times.  The  bar  is  then  turned 
over,  and  the  operation  repeated,  taking  care  to  leave  off 
at  the  middle  (see  Fig.  47).  The  process  is  more 
effectual  if  the  ends  of  the  bar  are  meantime  supported 
on  the  poles  of  other  bar  magnets,  the  poles  being  of 
the  same  names  as  those  of  the  two  magnets  above 
them  used  for  stroking  the  steel  bar. 

94.  Magnetisation  by  Double  Touch. — Another 
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method,  known  as  double  touchy  differs  slightly  from 
that  last  described.  A  piece  of  wood  or  cork  is  inter- 
posed between  the  ends  of  the  two  bar  magnets  employed, 
and  they  are  then  both  moved  backwards  and  forwards 
along  the  bar  that  is  to  be  magnetised.  By  none  of 
these  methods,  however,  can  a  steel  bar  be  magnetised 
beyond  a  certain  degree  of  intensity. 

95.  LaAuinated  Ma^grnets. — It  is  found  that  long 
thin  steel  magnets  are  more  powerful  in  proportion  to 
tiieir  weight  than  thicker  ones.  Hence  it  was  proposed 
by  Scoresby  ^  to  construct  compound  magnets,  consisting 
of  thin  laminae  of  steel  separately  magnetised,  and  after- 
wards bound  together  in  bundles.  These  laminated 
magnets  are  more  powerful  than  simple  bars  of  steel. 

06.  Magnetisation  derived  from  the  Earth. — 
The  magnetism  of  the  earth  may  be  utilised,  where  no 
other  permanent  magnet  is  available,  to  magnetise  a  bar 
of  steel.  Gilbert  states  that  iron  bars  set  upright  for 
a  long  time,  acquire  magnetism  from  the  earth.  If  a 
steel  poker  be  held  in  the  magnetic  meridian,  with  the 
north  end  dipping  down,  and  in  this  position  be  struck 
with  a  wooden  mallet,  it  will  be  found  to  have  acquired 
magnetic  properties.  Wires  of  steel  subjected  to  torsion, 
while  in  the  magnetic  meridian,  are  also  found  to  be 
thereby  magnetised. 

97.  Magnetisation  after  Heating. — Gilbert  dis- 
covered also  that  if  a  bar  of  steel  be  heated  to  redness, 
and  cooled,  either  slowly  or  suddenly,  while  lying  in  the 
magnetic  meridian,  it  acquires  magnetic  polarity.  No 
such  property  is  acquired  if  it  is  cooled  while  lying  east- 
and-west.  It  has  been  proposed  to  make  powerful 
magnets  by  placing  hot  bars  of  steel  to  cool  between  the 
poles  of  very  powerful  electro-magnets ;  and  Carrd  has 
recently  produced  strong  magnets  of  iron  cast  in  moulds 
lying  in  an  intense  magnetic  field. 

1  A  similar  suggestion  was  made  by  Geuns  of  Venlo  in  1768.     Similar 
magnets  have  been  constructed  recently  by  Jamin. 
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98.  Magrnetisation  by  Currents  of  Eleotrioity. 
A  strong  current  of  electricity  carried  in  a  spiral  wire 
around  a  bar  of  iron  or  steel,  magnetises  it  more  power- 
fully than  in  any  of  the  preceding  operations.  In  the 
case  of  a  soft  iron  bar,  it  is  only  a  magnet  while  the 
current  continues  to  flow.  Such  a  combination  is 
termed  an  Electro-magrnet ;  it  is  fully  described  in 
Lesson  XXVL  Elias  of  Haarlem  proposed  to  mag- 
netise steel  bars  by  passing  them  through  a  wire  coiled 
up  into  a  ring  of  many  turns,  through  which  a  strong 
current  was  sent  by  a  voltaic  battery.  Tommasi  claims 
to  have  magnetised  steel  bars  by  passing  a  current  of 
hot  steam  round  them  in  a  spiral  tube :  but  the  matter 
needs  further  evidence. 

J  99.  Destruction  of  Magrnetism. — ^A  steel  magnet 
loses  its  magnetism  partially  or  wholly  if  subjected  to 
rough  usage,  or  if  purposely  hit  or  knocked  about.  It 
also  loses  its  magnetism,  as  Gilbert  showed,  on  being 
raised  to  a  red-heat. 
;r~  100.  Effects  of  Heat  on  Ma,gnetisation. — If  a 
permanent  steel  magnet  be  warmed  by  placing  it  in  hot 
or  boiling  water,  its  strength  will  be  thereby  lessened, 
though  it  recovers  partially  on  cooling  Chilling  a 
magnet  increases  its  strength.  Cast  iron  ceases  to 
be  attracted  by  a  magnet  at  a  bright  red-heat,  or  at  a 
temperature  of  about  700°  C.  Cobalt  retains  its  mag- 
netism at  the  highest  temperatures.  Chromium  ceases 
to  be  magnetic  at  about  500°  C,  and  Nickel  at  350° 
C.  Manganese  exhibits  magnetic  attraction  only  when 
cooled  to  —  20**  C.  It  has  therefore  been  surmised  that 
other  metals  would  also  become  magnetic  if  cooled  to  a 
low  enough  temperature ;  but  a  very  severe  cooling  to 
100°  below  zero  destroys  the  magnetism  of  steel  magnets. 
The  magnetic  metals  at  high  temperatures  do  not  be- 
come diamagnetic,  but  are  still  feebly  magnetic 

>^   101.  Forms  of  Magnets. —  Natural   Magnets  are 
usually  of  irregular  form,  though  tl\ey  are  sometimes 
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reduced  to  regular  shapes  by  cutting  or  grinding. 
Formerly  it  was  the  feshion  to  mount  them  with  soft  iron 
cheeks  or  "  armatures  "  to  serve  as  pole-pieces. 

For  scientific  experiments  bar  magnets  of  hardened 
steel  are  commonly  used;  but  for  many  purposes  the 
horse-shoe  shape  is  preferred.  In  the  horse-shoe  magnet 
the  poles  are  bent  round  so  as  to  approach  one  another, 
the  advantage  here  being  that  so  both  poles  can  attract 
one  piece  of  iron.  The  "armature,"  or  "keeper,"  as 
the  piece  of  soft  iron  placed  across  the  poles  is  named,  is 
itself  rendered  a  magnet  by  induction  when  placed  across 
the  poles  ;  hence,  when  both  poles  magnetise  it,  the  force 
with  which  it  is  attracted  to  the  magnet  is  the  greater! 
v/  102.  Magnetic  Saturation. — A  magnet  to  which 
as  powerful  a  degree  of  magnetisation  as  it  can  attain  to 
has  been  given  is  said  to  be  ^^  saturated."  Many  of 
the  methods  of  magnetisation  described  will  excite  in  a 
magnet  a  higher  degree  of  magnetism  than  it  is  able  to 
retain  permanently.  A  recently  magnetised  magnet  will 
occasionally  appear  to  be  supersaturated^  even  after 
the  application  of  the  magnetising  force  has  ceased. 
Thus  a  horse-shoe-shaped  steel  magnet  will  support  a 
greater  weight  immediately  after  being  magnetised  than 
it  will  do  after  its  armature  has  been  once  removed  from 
its  poles.  Even  soft  iron  after  being  magnetised  retains 
a  small  amount  of  magnetism  when  its  temporary  mag- 
netism has  disappeared.  This  small  remaining  magnetic 
charge  is  spoken  of  as  residual  magnetism. 

Strength  of  a  Magnet. — The  ^^ strength"  of  a 
magnet  is  not  the  same  thing  as  its  "  lifting-power."  The 
"  strength  "  of  a  magnet  is  the  "  strength  "  of  its  poles. 
The  "  strength  "  of  a  magnet  pole  must  be  measured  by 
the  magnetic  force  which  it  exerts.  Thus,  suppose  there 
are  two  magnets,  A  and  B,  whose  strengths  we  compare 
by  making  them  each  act  upon  the  N.  pole  of  a  third 
magnet  C.  If  the  N.  pole  of  A  repels  C  with  twice  as 
much  force  as  that  with  which  the  N.  pole  of  B  placed 
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at  the  same  distance  would  repel  C,  then  we  should  say 
that  the  "  strength  "  of  A  was  twice  that  of  B.  Another 
way  of  putting  the  matter  is  to  say  that  the  "  strength  " 
of  a  pole  is  the  amount  of  free  magnetism  at  that  pole. 
By  adopting  the  unit  of  strength  of  magnet  poles  as 
defined  in  Art.  125,  we  can  express  the  strength  of  any 
pole  in  numbers  as  so  many  "  units  "  of  strength. 

103.  Liftin^r  "Power. — The  lifting  power  of  a  magnet 
(also  called  its  ^^ portative  force ")  depends  both  upon 
the  form  of  the  magnet  and  on  its  magnetic  strength.  A 
horse-shoe  magnet  will  lift  a  load  three  or  four  times  as 
great  as  a  bar  magnet  of  the  same  weight  will  lift.  The 
lifting  power  is  greater  if  the  area  of  contact  between  the 
poles  and  the  armature  is  increased.  Also  the  lifting 
power  of  a  magnet  grows  in  a  very  curious  and  unex- 
plained way  by  gradually  increasing  the  load  on  its 
armature  day  by  day  until  it  bears  a  load  which  at  the 
outset  it  could  not  have  done.  Nevertheless,  if  the  load 
is  so  increased  that  the  armature  is  torn  off,  the  power 
of  the  magnet  fells  at  once  to  its  original  value.  The 
attraction  between  a  powerful  electro-magnet  and  its 
armature  may  amount  to  200  lbs.  per  square  inch,  or 
14,000  grammes  per  square  centimetre.  Small  magnets 
lift  a  greater  load  in  proportion  to  their  own  weight  than 
large  ones.^  A  good  steel  horse-shoe  magnet  weighing 
itself  one  pound  ought  to  lift  twenty  pounds*  weight. 
Sir  Isaac  Newton  is  said  to  have  possessed  a  little  lode- 
stone  mounted  in  a  signet  ring  which  would  lift  a  piece 
of  iron  200  times  its  own  weight. 

1  Bernoulli  gave  the  following  rule  for  finding  the  lifting-power  /  of  a 
magnet  whose  weight  was  w : — 
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p  =  a  ^  w; 

where  a  is  a  constant  depending  on  the  goodness  of  the  steel  and  the  method 
of  magnetising  it  In  the  hest  steel  magnets  made  at  Haarlem  hy  V. 
Wetteren  this  coefficient  was  from  19 's  to  23.  In  Breguet's  magnets,  made 
from  AUevard  steel,  the  value  is  equally  high. 
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Lesson  X. — Distribution  of  Magnetism, 

104.  Normal  Distribution. — In  an  ordinary  bar 
magnet  the  poles  are  not  quite  at  the  ends  of  the  bar, 
but  a  little  way  from  it ;  and  it  can  be  shown  that  this  is 
a  result  of  the  way  in  which  the  magnetism  is  distributed 
in  the  bar.  A  very  long,  thin,  uniformly  magnetised  bar 
has  its  poles  at  the  ends  ;  but  in  ordinary  thick  magnets 
the  "pole"  occupies  a  considerable  region,  the  "free 
magnetism "  falling  off  gradually  from  the  ends  of  the 
bar.  In  each  region,  however,  a  point  can  be  determined 
at  which  the  resultant  magnetic  forces  act,  and  which 
may  for  most  purposes  be  considered  as  the  pole.  In 
certain  cases  of  irregular  magnetisation  it  is  possible  to 
have  one  or  more  poles  between  those  at  the  ends. 
Such  poles  are  called  consequent  poles  (see  Fig.  51). 

106.  Maernetio  Field. — The  space  all  round  a 
magnet  pervaded  by  the  magnetic  forces  is  termed  the 
"y^/i/"  of  that  magnet.  It  is  most  intense  near  the  pole 
of  the  magnet,  and  is  weaker  and  weaker  at  greater  dis- 
tances away  from  it.  At  every  point  in  a  magnetic  field 
the  force  has  a  particular  strength,  and  the  magnetic 
induction  acts  in  a  particular  direction  or  line.  In  the 
horse-shoe  magnet  the  field  is  most  intense  between  the 
two  poles,  and  the  lines  of  magnetic  induction  are  curves 
which  pass  from  one  pole  to  the  other  across  the  field. 
A  practical  way  of  investigating  the  distribution  of  the 
lines  of  induction  in  a  field  is  given  in  Art.  108,  under  the 
title  "  Magnetic  Figures."  When  the  armature  is  placed 
upon  the  poles  of  a  horse-shoe  magnet,  the  force  of  the 
magnet  on  all  the  external  regions  is  weakened,  for  the 
induction  now  goes  on  through  the  iron  of  the  keeper, 
not  through  the  surrounding  space.  In  fact  a  closed 
system  of  magnets — ^such  as  that  made  by  placing  four 
bar  magnets  along  the  sides  of  a  square,  the  N.  pole  of 
one  touching  the  S.  pole  of  the  next — has  no  external 
field  of  force.     A  ring  of  steel  may  thus  be  magnetised 
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so  as  to  have  neither  external  field  nor  poles ;  or  rather 
any  point  in  it  may  be  regarded  as  a  N.  pole  and  a  S. 
pole,  so  close  together  that  they  neutralise  one  another's 
forces. 

That  poles  of  opposite  name  do  neutralise  one  another 
may  be  shown  by  the  well-known  experiment  of  hanging 
a  small  object — a  steel  ring  or  a  key — to  the  N.  pole  of 
a  bar  magnet.  If  now  the  S,  pole  of  another  bar  magnet 
be  made  to  touch  the  first  the  two  poles  will  neutralise 
each  other's  actions,  and  the  ring  or  key  will  drop  down. 

106.  Breakingr  a  Magnet. — We  have  already  stated 
that  when  a  magnet  is  broken  into  two  or  more  parts,  each 
is  a  complete  magnet,  possessing  poles,  and  each  is 
nearly  as  strongly  magnetised  as  the  original  magnet. 
Fig.  48  shows  this.     If  the  broken  parts  be  closely  joined 
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these  adjacent  poles  neutralise  one  another  and  disappear, 
leaving  only  the  poles  at  the  ends  as  before.  If  a  magnet 
be  ground  to  powder  each  fragment  will  still  act  as  a 
little  magnet  and  exhibit  polarity.  A  magnet  may  there- 
fore be  regarded  as  composed  of  many  little  magnets 
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put  together,  so  that  their  like  poles  all  face  one  way. 
Such  an  arrangement  is  indicated  in  Fig.  49,  from  which 
it  will  be  seen  that  if  the  magnet  be  broken  asunder  across 
any  part,  one  face   of  the  fracture  will  present  only  N. 
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poles,  the  other  only  S.  .poles.  This  would  be  true  no 
matter  how  small  the  individual  particles. 

If  the  intrinsic  magnetisation  of  the  steel  at  every 
part  of  a  magnet  were  equal,  the  free  poles  would  be 
found  only  at  the  ends  ;  but  the  fact  that  the  free  mag- 
netism is  not  at  the  ends  merely,  but  diminishes  from 
the  ends  towards  the  middle,  shows  that  the  intensity  of 
the  intrinsic  magnetisation  must  be  less  towards  and  at 
the  ends  than  it  is  at  the  middle  of  the  bar. 

107.  Lamellar  Distribution  of  Ma^rnetism. 
Magnetic  Shells. — Up  to  this  point  the  ordinary 
distribution  of  magnetism  along  a  bar  has  been  the  only 
distribution  considered.  But  it  is  possible  to  have 
magnetism  distributed  over  a  thin  sheet  so  that  the 
whole  of  one  face  of  the  sheet  shall  have  one  kind  of 
magnetism,  and  the  other  face  the  other  kind  of  magnet- 
ism. If  an  immense  number  of  little  magnets  were 
placed  together  side  by  side,  like  the  cells  in  a  honey 
comb,  all  with  their  N. -seeking  ends  upwards,  and  S.- 
seeking  ends  downwards,  the  whole  of  one  face  of  the 
slab  would  be  one  large  flat  N. -seeking  pole,  and  the 
other  face  S.-seeking.  Such  a  distribution  as  this  over  a 
surface  or  sheet  is  termed  a  lamellar  distribution,  to 
distinguish  it  from  the  ordinary  distribution  along  a  line 
or  bar,  which  is  termed,  for  distinction,  the  solenoidal 
distribution.  A  lamellarly  magnetised  magnet  is  some- 
times spoken  of  as  a  magnetic  shelL  -  The  properties 
of  magnetic  shells  are  extremely  important  on  account  of 
their  analogy  with  those  of  closed  voltaic  circuits. 

*108.  Ma.gnetic  Figmi'es. — Gilbert  showed*  that  if 
a  sheet  of  paper  or  card  be  placed  over  a  magnet,  and 
iron-filings  are  dusted  over  the  paper,  they  settle  down 
in  curving  lines,  forming  a  magnetic  figure^  the  general 
form  of  which  is  shown  in  Fig.  50.  The  filings  should 
be  fine,  and  sifted  through  a  bit  of  muslin ;  to  facilitate 
their  settling  in  the  lines,  the  sheet  of  paper  should  be 

1  The  magnetic  figures  were  known  to  Lucretius. 
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lightly  tapped.  The  figures  thus  obtained  can  be  fixed 
pennaneBtly  by  several  processes.  The  best  of  these 
consists  in  employing  a  sheet  of  glass  which  has  been 
previously  gummed  and  driedj  instead  of  the  sheet  of 
paper ;  after  this  has  been  placed  above  the  magnet  the 
filings  are  sifted  evenly  over  the  surface,  and  then  the 
glass  is  tapped  ;  then  a  jet  of  steam  is  caused  to  play 
gently  above  the  sbeet,  softening  the  surface  of  the  gum, 
which,  as  it  hardens,  fixes  the  filings  in  their  places.    In- 


spection of  the  figure  will  show  that  the  lines  diverge 
nearly  radially  from  each  pole,  and  curve  round  to  meet 
these  from  the  opposite  pole.  Faraday,  who  made  a 
great  use  of  this  method  of  investigating  the  distribution 
of  magnetism  in  various  "  fields,"  gave  to  the  lines  the 
name  of  lines  of  force.  They  represent,  as  shown 
by  the  action  on  little  magnetic  particles  which  set  them- 
selves thus  in  obedience  to  the  attractions  and  repulsions 
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in  the  field,  the  resultant  direction  of  the  forces  at  every 
point ;  for  each  particle  tends  to  assume  the  direction  of 
the  magnetic  induction  due  to  the  simultaneous  action  of 
both  poles ;  hence  they  may  be  taken  to  represent  the 
lines  of  magnetic  induction.^  Faraday  pointed  out 
that  these  "  lines  of  force  "  map  out  the  magnetic  field, 
showing  by  their  position  the  direction  of  the  magnetic 
force,  and  by  their  number  its  intensity.  If  a  small  N.- 
seeking  pole  could  be  obtained  alone,  and  put  down  on 
any  one  of  these  lines  of  force,  it  would  tend  to  move 
along  that  line  from  N.  to  S. ;  a  single  S. -seeking  pole 
would  tend  to  move  along  the  line  in  an  opposite  direc- 
tion. Faraday  also  assigned  to  these  lines  of  force 
certain  physical  properties  (which  are,  however,  only 
true  of  them  in  a  secondary  sense),  viz.,  that  they  tend 
to  shorten  themselves  from  end  to  end,  and  that  they 
repel  one  another  as  they  lie  side  by  side.  The  modern 
view,  which  holds  that  magnetism  results  from  certain 
properties  of  the  "aether"  of  space,  is  content  to  say 
that  in  every  magnetic  field  there  are  certain  stresses, 
which  produce  a  tension  along  the  lines  of  force,  and  a 
pressure  across  them. 

109.  This  method  may  be  applied  to  ascertain  the 
presence  of  "  consequent  poles "  in  a  bar  of  steel,  the 
figure  obtained  resembling  that  depicted  in  Fig.  51. 
Such  a  state  of  things  is  produced  when  a  strip  of  very 
hard  steel  is  purposely  irregularly  magnetised  by  touching 
it  with  strong  magnets  at  certain  points.  A  strip  thus 
magnetised  virtually  consists  of  several  magnets  put  end 
to  end,  but  in  reverse  directions,  N.-S.,  S.-N.,  etc. 

110.  The  forces  producing  attraction  between  unlike 
poles,  and  repulsion  between  like  poles,  are  beautifiilly 
illustrated  by  the  magnetic  figures  obtained  in  the  fields 
between  the  poles  in  the  two  cases,  as  given  in  Figs. 

1  Or  rather  the  component  part  of  the  magnetic  induction  resolved  into 
the  plane  of  the  figure ;  which  is  not  quite  the  same  thing,  for  above  the 
poles  the  filings  stand  up  nearly  vertically  to  this  plane. 
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52  and  S3,  In  Fig.  52  the  poles  are  of  opposite  kinds, 
and  the  lines  offeree  curve  across  out  of  one  pole  into 
the  other;  while  in  Fig.  S3,  which  represents  the  aaion 


of  two  similar  poles,  the  lines  of  force  curve  away  as  if 
repelling  one  another,  and  turn  aside  at  right  angles, 
Musschenbroek  first  pointed  out  the  essential  difference 
between  these  two  figures. 


Fig.  S»  Fig.  S3. 

111.  Ma^rnetlc  Writins'. — Another  kind  of  magnetic 
figures  was  discovered  by  De  Haldat,  who  wrote  with  the 
pole  of  a  magnet  upon  a  thin  steel  plate  (such  as  a  saw- 
blade),  and  then  sprinkled  filings  over  it.  The  writing, 
which  is  quite  invisible  in  itself,  comes  out  in  the  lines 
of  tilings  that  stick  to  the  magnetised  parts ;  this  magic 
writing  will  continue  in  a  steel  plate  many  months.  The 
author  of  these  Lessons  has  produced  similar  figures  in 
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iron  filings  by  writing  upon  a  steel  plate  with  the  wires 
coming  from  a  powerful  voltaic  battery.  V 

112.  Surface  Ma^rnetisation. — In  many  cases  the 
magnetism  imparted  to  magnets  is  confined  chiefly  to 
the  outer  layers  of  steel.  If  a  steel  magnet  be  put  into 
acid  so  that  the  outer  layers  are  dissolved  away,  it  is 
found  that  it  has  lost  its  magnetism  when  only  a  thin 
film  has  been  thus  removed.  Magnets  which  have  been 
magnetised  very  thoroughly,  however,  exhibit  some 
magnetism  in  the  interior.  A  hollow  steel  tube  when 
magnetised  is  nearly  as  strong  a  magnet  as  a  solid  rod 
of  the  same  size.  If  a  bundle  of  steel  plates  are  mag- 
netised while  bound  together,  it  will  be  found  that  only 
the  outer  ones  are  strongly  magnetised.  The  inner  ones 
may  even  exhibit  a  reversed  magnetisation. 

113.  Meohanioal  effects  of  Magrnetisation. — 
When  a  steel  or  iron  bar  is  powerfully  magnetised  it 
grows  a  little  longer  than  before ;  and,  since  its  volume 
is  the  same  as  before,  it  at  the  same  time  contracts  in 
thickness.  Joule  found  an  iron  bar  to  increase  by  yWro 
of  its  length  when  magnetised  to  its  maximum.  This 
phenomenon  is  believed  to  be  due  to  the  magnetisation 
of  the  individual  particles,  which,  when  magnetised,  tend 
to  set  themselves  parallel  to  the  length  of  the  bar.  This 
supposition  is  confirmed  by  the  observation  of  Page,  that 
at  the  moment  when  a  bar  is  magnetised  or  demagnetised, 
a  faint  n^etallic  clink  is  heard  in  the  bar.  Sir  W.  Grove 
showed  that  when  a  tube  containing  water  rendered 
muddy  by  stirring  up  in  it  finely  divided  magnetic  oxide 
of  iron  was  magnetised,  the  liquid  became  clearer  in  the 
direction  of  magnetisation,  the  particles  apparently  setting 
themselves  end-on,  and  allowing  more  light  to  pass  be- 
tween them.  A  twisted  iron  wire  tends  to  untwist  itself 
when  magnetised.  A  piece  of  iron,  when  powerfully  mag- 
netised and  demagnetised  in  rapid  succession,  grows  hot, 
as  if  magnetisation  were  accompanied  by  internal  friction. 

114.  Action  of  Magnetism  on  Light. — Faraday 
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discovered  that  a  ray  of  polarised  light  passing  through  certain 
substances  in  a  powerful  magnetic  field  has  the  direction  of  its 
vibrations  changed.  This  phenomenon,  which  is  sometimes 
called  "The  Magnetisation  of  Light,"  is  better  described  as 
**  The  Rotation  of  the  Plane  of  Polarisation  of  Light  by  Mag- 
netism." The  amount  of  rotation  differs  in  different  media, 
and  varies  with  the  magnetising  force.  More  recently  Kerr 
has  shown  that  a  ray  of  polarised  light  is  also  rotated  by  re- 
flection at  the  end  or  side  of  a  powerful  magnet.  Further 
mention  is  made  of  these  discoveries  in  the  Chapter  on  Electro- 
optics,  Lesson  XXXV. 

115.  Physical  Theory  of  Magnetism. — All  these  various 
phenomena  point  to  a  theory  of  magnetism  very  different  from 
the  old  notion  of  fluids.  It  appears  that  every  particle  of  a 
magnet  is  itself  a  magnet,  and  that  the  magnet  only  becomes  a 
magnet  as  a  whole  by  the  particles  being  so  turned  as  to  point 
one  way.  This  conclusion  is  supported  by  the  observation  that 
if  a  glass  tube  full  of  iron  filings  is  magnetised,  the  filings  can 
be  seen  to  set  themselves  endways,  and  that,  when  thus  once 
set,  they  act  as  a  magnet  until  shaken  up.  It  appears  to  be 
harder  to  turn  the  individual  molecules  of  solid  steel,  but,  when 
once  so  set,  they  remain  end -on  unless  violently  struck  or 
heated.  It  follows  from  this  theory  that  when  all  the  particles 
were  turned  end-on  the  limits  of  possible  magnetisation  would 
have  been  attained.  Some  careful  experiments  of  Beetz  on  iron 
deposited  by  electrolysis  entirely  confirm  this  conclusion,  and 
add  weight  to  the  theory.  The  optical  phenomena  led  Clerk 
Maxwell  to  the  further  conclusion  that  these  longitudinally-set 
molecules  are  rotating  round  their  long  axes,  and  that  in  the 
"  aether  "  of  space  there  is  also  a  vortical  motion  along  the  lines 
of  magnetic  induction ;  this  motion,  if  occurring  in-  a  perfect 
medium  (as  the  "  aether  "  may  be  considered),  producing  tensions 
along  the  lines  and  pressures  at  right  angles  to  them,  would 
afford  a  satisfactory  explanation  of  the  magnetic  attractions  and 
repulsions  which  apparently  act  across  empty  space.  Hughes 
has  lately  shown  that  the  magnetism  of  iron  and  steel  is  intimately 
connected  with  the  molecular  rigidity  of  the  material.  His 
researches  with  the  "induction  balance"  (Art.  438)  and  "mag- 
netic balance"  (Art.  439)  tend  to  prove  that  each  molecule  of 
a  magnetic  metal  has  an  absolutely  constant  inherent  magnetic 
polarity ;  and  that  when  a  piece  of  iron  or  steel  is  apparently 
neutral,  its  molecules  are  internally  arranged  so  as  to  satisfy 
each  other's  polarity,  forming  closed  magnetic  circuits  amongst 
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themselves.     On  this  view  magnetising  a  piece  of  iron  simply 
causes  the  molecules  to  rotate  into  new  and  symmetrical  positions. 

Lesson  XL — Laws  of  Magnetic  Force, 

116.  Laws  of  Ma^rnetio  Force. 

\  First   Law.  —  IJke    magnetic  poles    repel  one 

another  J  unlike  magnetic  poles  attract  one 
another. 
Second  Law.  —  The  force  exerted  between  two 
magnetic  poles  is  proportional  to  the  product 
of  their  strengths^  and  is  inversely  propor- 
tional to  the  square  of  the  distance  between 
them, 

y  117.  The  Law  of  Inverse  Squares. — The  second 

,         of  the  above  laws  is  commonly  known  as  the  law  of 
inverse  squares.     The  similar  law  of  electrical  attrac- 

'i         tion  has  already  been  explained  and   illustrated  (Art. 

I  1 6).     This  law  furnishes  the  explanation  of  a  fact  men- 

tioned in  an  earlier  Lesson,  Art.  *JT^  that  small  pieces 
of  iron  are  drawn  bodily  up  to  a  magnet  pole.  If  a 
small  piece  of  iron  wire,  a  b  (Fig.  54),  be  suspended  by 
a  thread,  and  the 

J  N. -pointing    pole 

I  A  of  a  magnet  be 

brought  near  it, 
the  iron  is  thereby 
inductively  mag- 
netised ;    it  turns 

round  and  points  p. 

towards  the  mag- 
net pole,  setting  itself  as  nearly  as  possible  along  a  line 
of  force,  its  near  end  b  becoming  a  S.-seeking  pole,  and 
its  further  end  a  becoming  a  N. -seeking  pole.  Now  the 
pole  b  will  be  attracted  and  the  pole  a  will  be  repelled. 
But  these  two  forces  do  not  exactly  equal  one  another, 
since  the  distances  are  unequal.      The  repulsion  will 
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(by   the   law   of   inverse   squares)   be   proportional   to 

rr—^ ;  and  the  attraction  will  be  proportional  to  . .      - 

Hence  the  bit  of  iron  a  b  will  experience  a  pair  of  forces, 
turning  it  into  a  certain  direction,  and  also  a  total  force 
drawing  it  bodily  toward  A.  Only  those  bodies  are 
attracted  by  magnets  in  which  magnetism  can  thus  be 
induced;  and  they  are  attracted  only  because  of  the 
magnetism  induced  in  them. 

We  mentioned.  Art.  83,  that  a  magnet  needle  floating 
freely  on  a  bit  of  cork  on  the  surfece  of  a  liquid,  is  acted 
upon  by  forces  that  give  it  a  certain  direction,  but  that, 
unlike  the  last  case,  it  does  not  tend  to  rush  as  a  whole 
either  to  the  north  or  to  the  south.  It  experiences  a 
rotation,  because  the  attraction  and  repulsion  of  the 
magnetic  poles  of  the  earth  act  in  a  certain  direction ; 
but  since  the  magnetic  poles  of  the  earth  are  at  a  dis- 
tance enormously  great  as  compared  with  the  length 
from  one  pole  of  the  floating  magnet  to  the  other,  we 
may  say  that,  for  all  practical  purposes,  the  poles  of  the 
magnet  are  at  the  same  distance  from  the  N.  pole  of  the 
earth.  The  attracting  force  on  the  N.-pointing  pole  of 
the  needle  is  therefore  practically  no  greater  than  the 
repelling  force  acting  on  the  S.- pointing  pole,  hence 
there  is  no  motion  of  translation  given  to  the  floating 
needle  as  a  whole. 
T  118.  Measurement  of  Ma^rnetic  Forces. — The 
truth  of  the  law  of  inverse  squares  can  be  demonstrated 
by  measuring  the  attraction  between  two  magnet  poles 
at  known  distances.  But  this  implies  that  we  have 
some  means  of  measuring  accurately  the  amount  of  the 
magnetic  forces  of  attraction  or  repulsion.  Magnetic 
force  may  be  measured  in  any  one  of  the  four  following 
ways :  (i)  by  balancing  it  against  the  torsion  of  an 
elastic  thread ;  (2)  by  observing  the  time  of  swing  of 
a  magnetic  needle  oscillating  under  the  influence  of  the 
force  ;  (3)  by  observing  tlie  deflection  it  produces  upon  a 


CHAP.  11.]    ELECTRICITY  AND  MAGNETISM.  97 

magnetic  needle  which  is  already  attracted  into  a  different 
direction  by  a  force  of  Itnown.  intensity  ;  (4)  by  balanc- 
ing it  against  the  force  of  gravity  as  brought  into  play 
in  attempting  to  deflect  a  magnet  hung  by  two  parallel 
strings  (called  the  bifilar  suspension),  for  these  strings 
cannot  be  twisted  out  of  their  parallel  position  without 
raising  the  centre  of  gravity  of  the  magnet.  The  first 
three  of  these  methods  must  be  further  explained. 

119.  The  Torsion  Balance. — Coulomb  also  applied 
the  Torsion  Balance  to  the  measurement  of  magnetic 


.j^ces.  The  main  principles  of  this  instrument  (as  used 
to  measure  electrostatic  forces  of  repulsion)  were  de- 
scribed on  p.  15.     Fig.  S5  shows  how  it  is  arranged  for 


"v 
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measuring  magnetic  repulsions.  By  means  of  the 
torsion  balance  we  may  prove  the  law  of  inverse  squares. 
We  may  also,  assuming  this  law  proved,  employ  the 
balance  to  measure  the  strengths  of  magnet  poles  by 
measuring  the  forces  they  exert  at  known  distances. 

To  prove  the  law  of  inverse  squares,  Coulomb  made 
the  following  experiment: — The  instrument  was  first 
adjusted  so  that  a  magnetic  needle,  hung  in  a  copper 
stirrup  to  the  fine  silver  thread,  lay  in  the  magnetic 
meridian  without  the  wire  being  twisted.  This  was  done 
by  first  putting  in  the  magnet  and  adjusting  roughly, 
then  replacing  it  by  a  copper  bar  of  equal  weight,  and 
once  more  adjusting,  thus  diminishing  the  error  by 
repeated  trials.  The  next  step  was  to  ascertain  through 
what  number  of  degrees  the  torsion -head  at  the  top 
of  the  thread  must  be  twisted  in  order  to  drag  the 
needle  i°  out  of-  the  magnetic  meridian.  In  the  par- 
ticular experiment  cited  it  was  found  that  35°  of  torsion 
corresponded  to  the  i®  of  deviation  of  the  magnet ;  then 
a  magnet  was  introduced,  that  pole  being  downwards 
which  repelled  the  pole  of  the  suspended  needle.  It  was 
found  (in  this  particular  experiment)  to  repel  the  pole  of 
the  needle  through  24^  From  the  preliminary  trial  we 
know  that  this  directive  force  corresponds  to  24*  x  35* 
of  the  torsion -head,  and  to  this  we  must  add  the 
actual  torsion  on  the  wire,  viz.,  the  24°,  making  a  total 
of  864°,  which  we  will  call  the  "  torsion  equivalent "  of 
the  repelling  force  when  the  poles  are  thus  24"  apart. 
Finally,  the  torsion -head  was  turned  round  so  as  to 
twist  the  suspended  magnet  round,  and  force  it  nearer 
to  the  fixed  pole,  until  the  distance  between  the  repelling 
poles  was  reduced  to  half  what  it  was  at  first  It  was 
found  that  the  torsion -head  had  to  be  turned  round  8 
complete  rotations  to  bring  the  poles  to  12''  apart 
These  8  rotations  were  an  actual  twist  of  8*  x  360*,  or 
2880°.  But  the  bottom  of  the  torsion  thread  was  still 
twisted  12''  as  compared  with  the  top,  the  force  pro- 


i 


CHAP.  11.]    ELECTRICITY  AND  MAGNETISM.  99 

ducing  this  twist  corresponding  to  12  x  35  (or  420°)  of 
torsion  ;  and  to  these  the  actual  torsion  of  1 2°  must  be 
added,  making  a  total  of  2880**  +  420**  +  12**  =  3312. 
The  result  then  of  halving  the  distance  between  the 
magnet  poles  was  to  increase  the  force  fourfold^  for 
3312  is  very  nearly  four  times  864.  Had  the  distance 
between  the  poles  been  reduced  to  one-third  the  force 
would  have  been  nine  times  as  great 

120.  Method  of  Osoillations.^ — If  a  magnet  sus- 
pended by  a  fine  thread,  or  poised  upon  a  point,  be 
pushed  aside  from  its  position  of  rest,  it  will  vibrate 
backwards  and  forwards,  performing  oscillations  which, 
although  they  gradually  decrease  in  amplitude,  are 
executed  in  very  nearly  equal  times.  In  feict,  they  follow 
a  law  similar  to  that  of  the  oscillations  executed  by  a  pen- 
dulum swinging  under  the  influence  of  gravity.  The  law 
of  pendular  vibrations  is,  that  the  square  of  the  number 
of  oscillations  executed  in  a  given  time  is  proportional  to 
the  force.  Hence  we  can  measure  magnetic  forces  by 
counting  the  oscillations  made  in  a  minute  by  a  magnet. 
It  must  be  remembered,  however,  that  the  actual  number 
of  oscillations  made  by  any  given  magnet  will  depend 
on  the  weight,  length,  and  form  of  the  magnet,  as  well 
as  upon  the  strength  of  its  poles,  and  of  the  "  field  ** 
in  which  it  may  be  placed. 

121.  We  can  use  this  method  to  compare  the  intensity 
of  the  force  of  the  earth's  magnetism^  at  any  place  with 
that  at  any  other  place  on  the  earth's  surface,  by  oscil- 
lating a  magnet  at  one  place  and  then  taking  it  to  the 
other  place  and  oscillating  it  there.  If,  at  the  first,  it 
makes  a  oscillations  in  one  minute,  and  at  the  second,  b 
oscillations  a  minute,  then  the  magnetic  forces  at  the 

1  It  is  possible,  also,  to  measure  electrical  forces  by  a  "  method  of  oscil- 
lations ;"  a  small  charged  ball  at  the  end  of  a  horizontally-suspended  arm 
being  caused  to  oscillate  under  the  attracting  force  of  a  charged  conductor 
near  it,  whose  "  force"  at  that  distance  is  proportional  to  the  square  of  the 
number  of  osdllations  in  a  given  time. 

'  Or,  more  strictly,  of  its  horizontal  comf>onmi. 


lOO 


ELEMENTARY  LESSONS  ON        [chap.  ii. 


two  places   will  be  to  one  another  in  the  ratio  of  c^ 
to  bK 

Again,  we  may  use  the  method  to  compare  the  force 
exerted  at  any  point  by  a  magnet  near  it  with  the  force 
of  the  earth's  magnetism  at  that  point.  For,  if  we  swing 
a  small  magnetic  needle  there,  and  find  that  it  makes  m 
oscillations  a  minute  under  the  joint  action  ^  of  the  earth's 
magnetism,  and  that  of  the  neighbouring  magnet,  and 
that,  when  the  magnet  is  removed,  it  makes  n  oscillations 
a  minute  under  the  influence  of  the  earth's  magnetism 
alone,  then  n^  will  be  proportional  to  the  joint  forces, 
«2  to  the  force  due  to  the  earth's  magnetism,  and  the 
difference  of  these,  or  n^  —  n^  will  be  proportional  to  the 
force  due  to  the  neighbouring  magnet. 
^22.  We  will  now  apply  the  method  of  oscillations  to 
measure  the  relative  quantities  of  free  magnetism  at 
different  points  along  a  bar  magnet.  The  magnet  to 
be  examined  is  set  up  vertically  (Fig.  56).  A  small 
magnet,  capable  of  swinging  horizontally,  is  brought  near 

it  and  set  at  a  short  distance  away 
from  its  extremity,  and  then  oscillated, 
while  the  rate  of  its  oscillations  is 
counted.  Suppose  the  needle  were 
such  that,  when  exposed  to  the  earth's 
magnetism  alone,  it  would  perform  3 
complete  oscillations  a  minute,  and 
that,  when  vibrating  at  its  place  near 
the  end  of  the  vertical  magnet '  it 
oscillated  14  times  a  minute,  then 
the  force  due  to  the  magnet  will  be 
proportional  to  14^  —  32=196  —  9  = 
187.  Nextly,  let  the  oscillating  mag- 
net be  brought  to  an  equal  distance 
opposite  a  point  a  little  away  from 
the  end  of  the  vertical  magnet.      If,  here,  it  oscillated 

1  We  are  here  assuming  that  the  magnet  is  so  placed  that  its  force  is  in  a 
line  with  that  of  the  earth's  magnetism  at  the  point,  and  that  the  other  pole 
of  the  magnet  is  so  far  away  as  not  to  aflfect  the  oscillating  needle. 


Fig.  56. 
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1 2  times  a  minute,  we  know  that  the  force  will  be  pro- 
portional to  1 2^  —  3^  =  1 44  —  9  =  1 3  5.  So  we  shall  find 
that  as  the  force  falls  off  the  oscillations  will  be  fewer, 
until,  when  we  put  the  oscillating  magnet  opposite  the 
middle  of  the  vertical  magnet,  we  shall  find  that  the 
number  of  oscillations  is  3  per  minute,  or  that  the 
earth's  force  is  the  only  force  affecting  the  oscillations. 
In  Fig.  57  we  have  indicated  the  number  of  oscillations  , 
at  successive  points,  as  14,  12,  10,  8,  6^  5,  4,  and  3. 
If  we  square  these  numbers  and  subtract  9  from  each, 
we  shall  get  for  the  forces  at  the  various  points  the 
following: — 187,  135,  91,  55,  27,  16,  7,  and  o.  These 
forces  may  be  taken  to  represent  the  strength  of  the 
free  magnetism  at  the  various  points,  and  it  is  convenient 
to  plot  them  out  graphically  in  the  manner  shown  in 


Fig.  57- 

Fig.  57,  where  the  heights  of  the  dotted  lines  are  chosen 
to  a  scale  to  represent  proportionally  the  forces.  The 
curve  which  joins  the  tops  of  these  "  ordinates  "  shows 
graphically  how  the  force,  which  is  greatest  at  the  end, 
falls  off  toward  the  middle.  On  a  distant  magnet  pole 
these  forces,  thus  represented  by  this  curvilinear  triangle, 
would  act  as  if  concentrated  at  a  point  in  the  magnet 
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opposite  the  "  centre  of  gravity  "  of  this  triangle  ;  or,  in 
other  words,  the  "  pole,*'  which  is  the  centre  of  the  result- 
ant forces,  is  not  at  the  end  of  the  magnet.  In  thin 
bars  of  magnetised  steel  it  is  at  about  tSr  of  the  magnet's 
length  from  the  end. 

123.  Method  of  Defleotiona — There  are  a  number 
of  ways  in  which  the  deflection  of  a  magnet  by  another 
magnet  may  be  made  use  of  to  measure  magnetic  forces.^ 
We  cannot  here  give  more  than  a  glance  at  first  principles. 
When  two  equal  and  opposite  forces  act  on  the  ends  of 
a  rigid  bar  they  simply  tend  to  turn  it  round.     Such  a 

•  pair  of  forces  form  what 

is  called  a  "  couple,  **  and 
the  effective  power  oi" 
"  moment "  of  the  couple 
is  obtained  by  multiplying 
one  of  the  two  forces  by 
the  perpendicular  distance 
between  the  directions  of 
the  forces.  Such  a  couple 
tends  to  produce  a  motion 
of  rotation,  but  not  a 
motion  of  translation. 
Now,  a  magnetic  needle 
placed  in  a  magnetic  field 
across  the  lines  of  force, 
experiences  a  "  couple," 
tending  to  rotate  it  round 
^'^'  5^  into  the  magnetic  meridian, 

for  the  N.  -  seeking  pole  is  urged  northwards,  and 
the  S.-seeking  pole  is  urged  southwards,  with  an  equal 
and  opposite  force.  The  force  acting  on  each  pole 
is  the  product  of  the  strength  of  the  pole  and  the 
intensity  of  the  "  field,"  that  is  to  say,  of  the  horizontal 
component  of  the  force  of  the  earth's  magnetism  at  the 

1  The  student  desirous  of  mastering  these  methods  of  measuring  magnetic 
forces  should  consult  Sir  G.  Airy's  Treatise  on  Magnetism, 
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place.  We  will  call  the  strength  of  the  N. -seeking  pole 
mj  and  we  will  use  the  symbol  H  to  represent  the 
force  exerted  in  a  horizontal  direction  by  the  earth's 
magnetism.  (The  value  of  H  is  different  at  different 
regions  of  the  globe.)  The  force  on  the  pole  A  (see 
Fig.  58)  will  be  then  mxH  or  mH,  and  that  on  pole 
B  will  be  equal  and  opposite.  We  take  N  S  as  the 
direction  of  the  magnetic  meridian,  and  the  forces  will 
be  parallel  to  this  direction.  Now,  the  needle  A  B  lies 
obliquely  in  the  field,  and  the  magnetic  force  acting  on 
A  is  in  the  direction  of  the  line  P  A,  and  that  on  B  in 
the  direction  Q  B,  as  shown  by  the  arrows.  P  Q  is  the 
perpendicular  distance  between  these  forces ;  hence  the 
"  moment "  of  the  couple  will  be  got  by  multiplying  the 
length  P  Q  by  the  force  exerted  on  one  of  the  poles. 
Using  the  symbol  G  for  the  moment  of  the  couple  we 
may  write 

G  =  P  Q  X  m-U. 

But  P  Q  is  equal  to  the  length  of  the  magnet  multiplied 
by  the  sine  ^  af  the  angle  A  O  R,  which  is  the  angle  of 
deflection,  and  which  we  will  call  S.  Hence,  using  /  for 
the  length  between  the  poles  of  the  magnet,  we  may 
write  the  expression  for  the  moment  of  the  couple. 

G  =  mlH'sin  B, 

In  words  this  is  :  the  "  moment  of  the  couple  '*  acting 
on  the  needle  is  proportional  to  its  "  magnetic  moment," 
(m  X  I)  to  the  horizontal  force  of  the  earth's  magnetism, 
and  to  the  sine  of  the  angle  of  deflectiqn. 

The  reader  will  not  have  failed  to  notice  that  if  the 
needle  were  turned  more  obliquely,  the  distance  P  Q 
would  be  longer,  and  would  be  greatest  if  the  needle 
were  turned  round  east-and-west,  or  in  the  direction  E  W. 
Also  the  "  moment "  of  the  couple  tending  to  rotate  the 
magnet  will  be  less  and  less  as  the  needle  is  turned 
more  nearly  into  the  direction  N  S. 

1  If  any  reader  is  unacquainted  with  trigonometrical  tenns  he  should  con- 
suit  the  note  at  the  end  of  thb  Lesson,  on  **  Ways  of  reckoning  Angles.'* 
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124.  Now,  let  us  suppose  that  the  deflection  8  were 
produced  by  a  magnetic  force  applied  at  right  angles  to 
the  magnetic  meridian,  and  tending  to  draw  the  pole  A 
in  the  direction  R  A.  The  length  of  the  line  R  T  multi- 
plied by  the  new  force  will  be  the  "  moment "  of  the 
new  couple  tending  to  twist  the  magnet  into  the  direction 
EW.  Now,  if  the  needle  has  come  to  rest  in  equilibrium 
between  these  two  forces,  it  is  clear  that  the  two  oppos- 
ing twists  are  just  equal  and  opposite  in  power,  or  that 
the  moment  of  one  couple  is  equal  to  the  moment  of  the 
other  couple.  Hence,  the  force  in  the  direction  WE 
will  be  to  the  force  in  the  direction  S  N  in  the  same 
ratio  as  P  Q  is  to  R  T,  or  as  P  O  is  to  R  O. 

• 

Or,  calling  this  force  j*^ 

/:  H  =  PO  :R0 
Or  /=Hg 

But  P  O  =  A  R  and  tS  =  tan  5  hence 

BO 

/=  H  tanfi; 

or,  in  other  words,  tAe  magnetic  force  which^  acting  at 
right  angles  to  the  meridian,  produces  on  a  magnetic 
needle  the  deflection  5,  is  equal  to  the  horizontal  force  of 
the  earth^s  magnetism  at  that  point,  multiplied  by  the 
tangent  of  the  angle  of  deflection.  Hence,  also,  two 
different  magnetic  forces  acting  at  right  angles  to  the 
meridian  would  severally  deflect  the  needle  through 
angles  whose  tangents  are  proportional  to  the  forces. 

This  very  important  theorem  is  applied  in  the  con- 
struction of  certain  galvanometers  (see  Art  199). 

The  name  Magnetometer  is  given  to  any  magnet 
specially  arranged  as  an  instrument  for  the  purpose 
of  measuring  magnetic  forces  by  the  deflections  they 
produce.  The  methods  of  observing  the  absolute 
values  of  magnetic  forces  in  dynes  or  other  abstract 
units  of  force  will  be  explained  in  the  Note  at  the  end  of 
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Lesson  XXV.  See  also  Sir  George  Airy's  Treatise  on 
Magnetism, 

126.  Unit  Strength  of  Pole. — We  found  in  Cou- 
lomb's torsion-balance  a  convenient  means  of  comparing 
the  strengths  of  poles  of  different  magnets ;  for  the  force 
which  a  pole  exerts  is  proportional  to  the  strength  of  the 
pole.  The  Second  Law  of  Magnetic  Force  (see  Art. 
116)  stated  that  the  force  exerted  between  two  poles 
was  proportional  to  the  product  of  their  strengths,  and 
was  inversely  proportional  to  the  square  of  the  distance 
between  them.  It  is  possible  to  choose  such  a  strength 
of  pole  that  this  proportionality  shall  become  numerically 
an  equality.  In  order  that  this  may  be  so,  we  ipust 
adopt  the  following  as, our  unit  of  strength  of  a  pole,  or 
unit  magnetic  pole :  A  Unit  Magnetic  Pole  is  one  of  stick 
a  strength  that^  when  placed  at  a  distance  of  otie  centi- 
metre from,  a  similar  pole  of  equal  strength  it  repels  it 
with  a  force  of  one  dyne  (see  Art.  255).  If  we  adopt 
this  definition  we  may  express  the  second  law  of  magnetic 
force  in  the  following  equation  : — 

/__    M  X   MV  ( 

where  /  is  the  force  (in  dynes),  m  and  ml  the  strengths 
of  the  two  poles,  and  d  the  distance  between  them  (in 
centimetres).  This  subject  is  resumed  in  Lesson  XXV., 
Art.  310,  on  the  Theory  of  Magnetic  Potential.  L-/ 

126.  Theory  of  Magnetic  Curves. — We  saw  (Art 
108)  that  magnetic  figures  are  produced  by  iron-filings 
setting  themselves  in  certain  directions  in  the  field  of 
force  around  a  magnet.  We  can  now  apply  the  law  of  . 
inverse  squares  to  aid  us  in  determining  the  direction 
in  which  a  filing  will  set  itself  at  any  point  in  the  field. 
Let  N  S  (Fig.  59)  be  a  long  thin  magnet,  and  P  any 
point  in  the  field  due  to  its  magnetism.  If  the  N.- 
seeking  pole  of  a  small  magnet  be  put  at  P,  it  will  be 
attracted  by  S  and  repelled  by  N  ;  the  directions  of  these 
two  forces  will  be  along  the  lines  P  S  and  P  N.     The 
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amounts  of  the  forces  may  be  represented  by  certain 
lengths  marked  out  along  these  lines.  Suppose  the 
distance  P  N  is  twice  as  great  as  P  S,  the  repelling  force 
along  P  N  will  be  J  as  strong  as  the  attracting  force 
along  PS.  So  measure  a  distance  out,  P  A  towards  S 
four  times  as  long  as  the  length  P  B  measured  along  P  N 
away  from  N.  Find  the  resultant  force  ^  in  the  usual 
way  of  compounding  mechanical  forces,  by  completing 
the  parallelogram  pare,  and  the  diagonal  P  R  represents 
by   its    length   and   direction   the   magnitude   and   the 


Fig.  59. 

direction  of  the  resultant  magnetic  force  at  the  point  P. 
In  fact  the  line  P  R  represents  the  line  along  which  a 
small  magnet  or  an  iron  filing  would  set  itself.  In  a 
similar  way  we  might  ascertain  the  direction  of  the  lines 
of  force  at  any  point  of  the  field.  The  little  arrows  in 
Fig.  59  show  how  the  lines  of  force  start  out  from  the  N. 
pole  and  curve  round  to  meet  in  the  S.  pole.  The 
student  should  compare  this  figure  with  the  lines  of 
filings  of  Fig.  50. 

1  See  Balfour  Stewart's  Lessons  in  Elementary  Physics,  page  26;  or 
Todhunter's  Natural  Philosophy  for  Beginners,  page  55. 
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127.  Force  due  to  a  Ma^rnetio  ShelL — A  mag> 
netic  shell  (Art.  107)  exerts  a  magnetic  force  upon  a  mag- 
net pole  placed  at  a  point  in  its  neighbourhood.  If  the 
shell  be  flat  and  very  great,  as  compared  with  the  distance 
of  the  point  considered,  this  force  will  be  independent  of 
that  distance,  will  be  normal  to  the  shell  in  direction,  and 
will  depend  only  upon  the  amount  of  magnetism  on  the 
shell,  and  will  be  numerically  equal  to  27r  times  the 
quantity  of  magnetism  per  square  centimetre^  (i,e,  to 
2^icr  when  o-  is  the  "  surface  density "  of  magnetism  on 
the  face  of  the  shell). 

If  the  shell  is  bounded,  however,  by  a  limiting  area, 
the  force  exerted  by  a  shell  upon  a  point  outside  it  will 
be  greater  near  to  the  shell  than  at  a  distance  away. 
In  this  case  it  is  most  convenient  to  measure  not  the 
force  but  the  potential  due  to  the  shell.  The  defini- 
tion of  **  magnetic  potential "  is  given  in  Art.  310 ;  mean- 
time we  may  content  ourselves  with  stating  that  the 
potential  due  to  a  magnetic  shell  at  a  point  near  it,  is 
equal  to  the  strength  of  the  shell  multiplied  by  the  solid 
angle^  subtended  by  the  shell  at  that  point. 

128.  A  Ma^rnetio  Paradox. — If  the  N.-seeking 
pole  of  a  strong  magnet  be  held  at  some  distance  from 
the  N.-seeking  pole  of  a  weak  magnet,  it  will  repel  it ; 
but  if  it  is  pushed  up  quite  close  it  will  be  found  now  to 
extract  it  This  paradoxical  experiment  is  explained 
by  the  fact  that  the  magnetism  induced  in  the  weak 
magnet  by  the  powerful  one  will  be  of  the  opposite  kind, 
and  will  be  attracted ;  and,  when  the  powerftil  magnet  is 
near,  this  induced  magnetism  may  overpower  and  mask 
the  original  magnetism  of  the  weak  magnet  The 
student  must  be  cautioned  that  in  most  of  the  experi- 
ments on  magnet  poles  similar  perturbing  causes  are  at 
work.     The  magnetism  in  a  magnet  is  not  quite  fixed, 

^  The  proof  of  this  proposition  is  similar  to  that  given  at  end  of  Lesson 
XX.,  for  the  analogous  proposition  concerning  the  force  due  to  a  flat  plate 
charged  with  electricity. 

S  See  Note  on  "Ways  of  Reckoning  Angles,"  at  the  end  of  this  Lesson. 


io8  ELEMENTARY  LESSONS  ON        [chap.  ii. 

but  is  liable  to  be  disturbed  in  its  distribution  by  the 
near  presence  of  otfcer  magnet  poles,  for  no  steel  is  so 
hard  as  not  to  b^  temporarily  affected  by  magnetic 
induction.  The  law  of  inverse  squares  is  only  true  when 
the  distance  between  the  poles  is  so  great  that  the  dis- 
placement of  their  magnetism  due  to  mutual  induction 
is  so  small  that  it  may  be  neglected. 

Note  on  Ways  of  Reckoning  Angles  and 

Solid-angles. 

129.  Reckoning  in  Degrees. — ^When  two  straight  lines  cross 
one  another  they  form  an  angle  between  them ;  and  this  angle 
may  be  defined  as  the  amount  of  rotation  which  one  of  the  lines 
has  performed  round  a  fixed  point  in  the  other  line.     Thus  we 

may  suppose  the  line  C  P  in  Fig.  60  to 
have  originally  lain  along  C  O,  and  then 
turned  round  to  its  present  position.  The 
amount  by  which  it  has  been  rotated  is 
clearly  a  certain  fraction  of  the  whole  way 
7o^  round  j  and  the  amount  of  rotation  round 
C  we  call  "  the  angle  which  P  C  makes 
"with  O  C,"  or  more  simply  "  the  angle 
PCO."  But  there  are  a  number  of 
different  ways  of  reckoning  this  angle. 
The  common  way  is  to  reckon  the  angle 
by  "degrees"  of  arc.  Thus,  suppose  a  circle  to  be  drawn 
round  C,  if  the  circumference  of  the  circle  were  divided  into 
360  parts  each  part  would  be  called  "one  degree"  (i°),  and 
the  angle  would  be  reckoned  by  naming  the  number  of  such 
degrees  along  the  curved  arc  OP,     In  the  figure  the  arc  is 

about  57  J**,  or  ^  of  the  whole  way  round,  no  matter  what  size 

the  circle  is  drawn. 

130.  Reckoning  in  Radians. — A  more  sensible  but  less 
usual  way  to  express  an  angle  is  to  reckon  it  by  the  ratio  between 
the  ler^th  of  the  curved  arc  that  "  subtends  the  angle  and  the 
length  of  the  radius  of  the  circle.  Suppose  we  have  drawn 
round  the  centre  C  a  circle  whose  radius  is  one  centimetre, 
the  diameter  will  be  two  centimetres.  The  length  of  the 
circumference  all   round   is  known   to  be   about  3f  times  the 

length  of  the  diameter,   or  more  exactly  3*14159 

This  number  is  so  awkward  that,  for  convenience,  we  always 
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use  for  It  the  Greek  letter  t.  Hence  the  length  of  the  circum- 
ference of  our  circle,  whose  radius  is  one  centimetre,  will  be 
6-28318  .  .  .  centimetres,  or  2ir  centimetres.  We  can  then 
reckon  any  angle  by  naming  the  length  of  arc  that  subtends  it 
on  a  cu-cle  one  centimetre  in  radius.  If  we  choose  the  ancle 
P  C  O,  such  that  the  curved  arc  O  P  shall  be  just  one  centimetre 
long,  this  will  be  the  angle  one,  or  unit  of  angular  measure,  or. 
as  It  IS  sometimes  called,  the  angle  PCO  will  be  one  *' radian/' 

In  degree-measure  one  radian  =  ^  =  57«»  1/  nearly.     All  the 

way  round  the  circle  will  be  2ir  radians.  A  right-angle  will  be 
^  radians. 

131.  Reckoning  by  Sines  or  CoaineB.— In  trigonometry 
other  ways  of  reckoning  angles  are  used,  in  which,  however,  the 
angles  themselves  are  not  reckoned,  but 
certain  "functions  "of  them  called  "sines," 
"cosines,"  "tangents,"  etc.  For  readers 
not  accustomed  to  these  we  will  briefly  ex- 
plain the  geometrical  nature  of  these  / 
"functions.'^  Suppose  we  draw  (Fig.  61)  ! 
our  circle  as  before  round  centre  C,  and  ' 
then  drop  down  a  plumb-line  P  M,  on 
to  the  line  C  O ;  we  will,  instead  of  reckon- 
ing the  angle  by  the  curved  arc,  reckon  it 
by  the  length  of  the  line  P  M.  It  is  clear 
that  if  the  angle  is  small  P  M  will  be  short ;  but  as  the  angle 
opens  out  towards  a  right  angle,  P  M  will  get  longer  and 
longer  (Fig.  62).     The  ratio  between  the  length  of  this  line  and 

the  radius  of  the  circle  is  called  the  "  j/«^" 
of  the  angle^  and  if  the  radius  is  I  the 
length  of  P  M  will  be  the  value  of  the  sine. 
It  can  never  be  greater  than  i,  though  it 
may  have  all  values  between  i  and  -  i. 
The  length  of  the  line  C  M  will  also 
depend  upon  the  amount  of  the  angle.  If 
the  angle  is  small  C  M  will  be  nearly  as 
long  as  CO;  if  the  angle  open  out  to  nearly  a  right  angle 
C  M  will  be  very  short.  The  length  of  C  M  (when  the  radius 
is  I)  is  called  the  ^Uosine"  of  the  angle.  If  the  angle  be 
called  d,  then  we  may  for  shortness  write  these  functions : 

Sin  6  =  pp 
132.  Beckoning  by  Tangents. — Suppose  we  draw  our  circle 


Fig.  61. 


Fig.  62. 


no 
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as  before  (Fig.  63),   but  at  the  point  O  draw  a  straight  line 

touching  the  circle,  the  tangent  line  at  O ; 
let  us  also  prolong  C  P  until  it  meets  the 
tangent  line  at  T.  We  may  measure  the 
angle  between  O  C  and  O  P  in  terms  of 
the  length  of  the  tangent  O  T  as  compared 
with  the  length  of  the  radius.  Since  our 
radius  is  I,  this  ratio  is  numerically  the 
length  of  O  T,  and  we  may  therefore  call 
the  length  of  OT  the  ^^  tangent''  of  the 
angle  O  C  P.  It  is  clear  that  smaller  angles 
will  have  smaller  tangents,  but  that  larger 
angles  may  have  very  large  tangents ;  in 
fact,  the  length  of  the  tangpnt  when  P  C  was 
moved  round  to  k  right  angle  would  be 
infinitely  great.  It  can  be  shown  that  the 
ratio  between  the  lengths  of  the  sine  and 
of  the  cosine  of  the  angle  is  the  same  as  the  ratio  between  the 
length  of  the  tangent  and  that  of  the  radius ;  or  the  tangent  of 
an  angle  is  equal  to  its  sine  divided  by  its  cosine.  The  formula 
for  the  tangent  may  be  written  : 


\ 


■-. -•■' 


Fig.  63. 


f^„  /}  -  TO       PM 

^  ^  -  oc  =  Sic* 

133.  Solid  Angles. — ^When  three  or  more  surfaces  intersect 
at  a  point  they  form  a  solid  angle:  there  is  a  solid  angle,  for 
example,  at  the  top  of  a  pyramid,  or  of  a  cone,  and  one  at  every 
comer  of  a  diamond  that  has 
been  cut.  If  a  surface  of  any 
given  shape  be  near  a  point,  it 
is  said  to  subtend  a  certain  solid 
angle  at  that  point,  the  solid 
angle  being  mapped  out  by 
drawing  lines  from  all  points 
of  the  ^ge  of  this  surface  to  the 
point  P  ( F^.  64. )  An  irregular 
cone  will  thus  be  generated 
whose  solid  angle  is  the  solid 
angle  subtended  at  P  by  the 
surface  E  F.  To  reckon  this 
solid  angle  we  adopt  an  expedient  similar  to  that  adopted  when 
we  wished  to  reckon  a  plane  angle  in  radians.  About  the  point 
P,  with  radius  of  I  centimetre,  describe  z,.spherey  which  will 
intercept  the  cone  over  an  area  M  N  :  the  area  thus  intercepted 
measures  the  solid  angle.  If  the  sphere  have  the  radius  I,  its 
total  surface  is  4ir.  The  solid  angle  subtended  at  the  centre  by 
a  hemisphere  would  be  27r, 
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Table  of  Natural  Sines  and  Tangents. 


Arc. 


I 

2 

3 

4 

5 
6 

7 
8 

9 

lO 

15 

20 

25 

30 

35 
40 

45 
50 

55 
60 

65 
70 

75 
80 

81 

82 

83 
84 

85 
86 

«7 
88 

89 
90 


Sine. 


O'OOO 
•017 

•035 
•052 

•070 

•087 

•105 

'122 

•139 
•156 

•174 

•259 
•342 

•423 
•500 

•574 

•643 
.707 

•766 

•819 

•866 
•906 
•940 
•966 
•985 
•988 
.990 

•993 

•995 
•996 

•998 
.999 

•999 
•999 

I'OOO 

Co-sine. 


Tangent 


0.000 
•017 

•035 
•052 

•070 

•087 

•105 

•123 

•141 

•158 

•176 

•268 

•364 
•466 

•577 
•700 

•839 
I'OOO 

1*192 
1*428 

1732 

2-145 
2747 
3732 
5-671 
6-314 

7-"5 

8-144 

9-514 

11-43 
14-30 

19-08 

28*64 

57-29 

Infin. 

Co- tangent. 


90** 

89 

88 

87 
86 

85 

84 

•83 
82 

81 

80 

75 
70 

65 
60 

55 
50 

45 
40 

35 
30 

25 
20 

15 
10 

9 
8 

7 
6 

5 
4 

3 

2 

I 
o 

Arc 
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Lesson  XII. — Terrestrial  Magnetism. 

134.  The  Mariner's  Oomposs. — It  was  mentioned 
in  Art  79  that  the  compass  sold  by  opticians  consists  of 
a  magnetised  steel  needle  balanced  on  a  fine  point  above 
a  card  marked  out  N,  S,  E,  W,  etc.  The  Mariner's 
Compass  is,  liowever,  somewhat  diiferentiy  arranged. 

In  Fig,  65  one  of  the  forms  of  a  Mariner's  Compass, 
used  for  nautical   observations,    is    shown.     Here    the 


Pig.  ds- 

card,  divided  out  into  the  32  "  points  of  the  Compass,"  is 
itself  attached  to  the  needle,  and  swings  round  with  it  so 
that  the  point  marked  N  on  the  card  always  points  to 
the  north.  In  the  newest  and  best  ships'  compasses 
several  magnetised  needles  are  placed  side  by  side,  as  it 
is  found  that  the  indications  of  such  a  compound  needle 
are  more  reliable.  The  iron  fittings  of  wooden  vessels, 
and,  in  the  case  of  iron  vessels,  the  ships  themselves. 
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affect  the  compass,  which  has  therefore  to  be  corrected 
by  placing  compensating  masses  of  iron  near  it,  or  by 
fixing  it  high  upon  a  mast. 

135.  The  Earth  a  Magnet. — Gilbert  made  the  great 
discovery  that  the  compass  needle  points  north  and 
south  because  the  earth  is  itself  also  a  great  magnet. 
The  magnetic  poles  of  the  earth  are,  however,  not 
exactly  at  the  geographical  north  and  south  poles.  The 
magnetic  north  pole  of  the  earth  is  more  than  1000 
miles  away  from  the  actual  pole,  being  in  lat.  70**  5' 
N.,  and  long.  96*  46'  W.  In  183 1,  it  was  found  by 
Sir  J.  C.  Ross  to  be  situated  in  Boothia  Felix,  just 
within  the  Arctic  Circle.  The  south  magnetic  pole  of 
the  earth  has  never  been  reached;  and  by  reason  of 
irregularities  in  the  distribution  of  the  magnetism  there 
appear  to  be  two  south  magnetic  polar  regions. 

136.  Declination. — In  consequence  of  this  natural 
distribution  the  compass-needle  does  not  at  all  points 
of  the  earth's  surface  point  truly  north  and  south. 
Thus,  in  1881,  the  compass-needle  at  London  points  at 
an  angle  of  about  18° 3  3'  west  of  the  true  north.  This 
angle  between  the  "  magnetic  meridian "  ^  and  the  geo- 
graphical meridian  of  a  place  is  called  the  magnetic 
Declination  of  that  place  The  existence  of  this 
declination  was  discovered  by  Columbus  in  1492,  though 
it  appears  to  have  been  previously  known  to  the  Chinese, 
and  is  said  to  have  been  noticed  in  Europe  in  the  early 
part  of  the  13th  century  by  Peter  Pellegrinus.  The 
discovery  is  also  claimed,  though  on  doubtful  authority, 
for  Sebastian  Cabot  of  Bristol.  The  fact  that  the 
declination  differs  at  different  points  of  the  earth's  sur- 
face, is  the  undisputed  discovery  of  Columbus. 

In  order  that  ships  may  steer  by  the  compass,  mag- 

l  The  Magnetic  Meridian  of  any  place  is  an  imaginary  plane  drawn 
through  the  zenith,  and  passing  through  the  magnetic  north  point  and  mag- 
netic south  point  of  the  horizon,  as  observed  at  that  place  by  the  pointing  of 
h  horizontally-suspended  compass-needle. 

\ 


ri4  ELEMENTARY  LESSONS  ON        [chap.  n. 

netic  charts  (Art,  1 39)  must  be  prepared,  and  the  declina- 
tion at  different  places  accurately  measured.  The  upright 
pieces  P  F,  on  the  "  azimuth  compass  "  drawn  in  Fig, 
65,  are  for  the  purpose  of  sighting  a  star  whose  position 
may  be  known  from  astronomical  tables,  and  thus 
affording  a  comparison  between  the  magnetic  meridian 
of  the  place  and  the  geographical  meridian,  and  of 
measuring  the  angle  between  them. 

137,  InoUnation  or  DIp.^Norman,  an  instrument- 
maker,  discovered  in  \  576  that  a  balanced  needle, 
when  magnetised,  tends  to  dip  downwards  toward  the 
north.  He  there- 
fore constructed  a 
Dipping  -Needle, 
capable  of  turning 
in  a  vertical  plane 
about  a  horizontal 
axis,  with  which  he 
found  the  "  dip  " 
to  be  (at  London) 
an  angle  of7r5o'. 
A  simple  form  of 
Dipping-needle  is 
shown  in  Fig.  66. 
The  dip.  circles 
used  in  the  mag- 
,  netic  observatory 
at  Kew  are  much 

delicate        instru- 
I'is.66.  ments.        It     was, 

however,  found  that  the  dip,  like  the  declination,  differs 
at  different  parts  of  the  earth's  surface,  and  that  it  ■ 
also  undergoes  changes  from  year  to  year.  The  "dip" 
in  London  for  the  year  1881  is  67°  39'-  At  the 
north  magnetic  pole  the  needle  dips  straight  down. 
The  following  table  gives  particulars  ot  the  Declination,. 
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Inclination,  and  total  magnetic  force  at  a  number  of 
important  places,  the  values  being  approximately  true 
for  the  year  1880. 

Table  of  Magnetic  Declination  and  Inclination 

(for  Year  1880.) 


Boothia  Felix 
London 
St.  Petersburg 
Berlin  . 
Paris    . 
Rome  . 
New  York 
Mexico 
Quito   . 
St.  Helena 
Cape  Town 
Sydney 
Hobarton 
Tokio  . 


Declination. 


(None.) 
iS*'  40'  W 

o**  40'  W 
ii'*3o'W 
16°  45'  W 
ii'^So'W 

f  5/  W. 

7""  55'  E 

f  40'  E 
26**  25'  W 
30**  2^  W 

9"  30'  E 
8**  49'  E 

4°  5'    W 


Inclination. 


90- 

n 

67^ 

40' n 

70^ 

n 

64° 

n 

66' 

n 

60' 

n 

72" 

I2'N 

45' 

?  n 

25° 

?  n 

28' 

s 

56°  30'  S 

"  4S'  S 

N 


62* 

71' 
SO' 


Total  force  (in 
C.  G.  S.units), 


•65 
•47 
•48 
•48 

•47 

•45 
•61 

•48 
•35 
•31 
•36 

•57 
•64 

•45 


138.  Intensity. — Three  things  must  be  known  in 
order  to  specify  exactly  the  magnetism  at  any  place; 
these  three  elements  are  : 

The  Declination ; 

The  Inclination,  and 

The  Intensity  of  the  Magnetic  Force. 

The  magnetic  force  is  measured  by  one  of  the 
methods  mentioned  in  the  preceding  Lesson.  Its 
direction  is  in  the  line  of  the  dipping-needle,  which,  like 
every  magnet,  tends  to  set  itself  along  the  lines-of-force. 
It  is,  however,  more  convenient  to  measure  the  force 
not  in  its  total  intensity  in  the  line  of  the  dip,  but  to 
measiure  the  horizontal  component  of  the  force, — that 
is  to  say,  the  force  in  the  direction  of  the  horizontal 
compass -needle,   from   which   the   total    force   can   be 
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calculated  if  the  dip  is  known.*  Or  if  the  horizontal 
and  vertical  components  of  the  force  are  known,  the 
total  force  and  the  angle  of  the  dip  can  both  be  cal- 
culated,* The  horizontal  compor  snt  of  the  force,  or 
"  horizontal  intensity,"  can  be  ascertained  either  by  the 
method  of  Vibrations  or  by  the  method  of  Deflexions 
The  mean  horizontal  force  of  the  earth's  magnetism  at 
London  in  1880  was  '18  dyne-units,  the  total  force  (in 
the  line  of  dip)  is  -47  dyne-units.  The  distribution  of 
the  magnetic  force  at  different  points  of  the  earth's 
surface  is  irregular,  and  varies  in  different  latitudes 
according  to  an  approximate  law,  which,  as  given  by 
Biot,  is  that  the  force  is  proportional  to  Vi  +  3  a^j 
where  /  is  the  magnetic  latitude. 

139.  Magnetio  Mapa — For  purposes  of  conveni- 
ence  it  is  usual  to  construct  magnetic  maps,  on  which 
such  data  as  these  given  in  the  Table  on  p.  115  can  be 
marked  dowa  Such  maps  may  be  constructed  in 
several  ways.  Thus,  it  would  be  possible  to  take  a  map 
of  England,  or  of  the  world,  and  mark  it  over  with  lines 
such  as  to  represent  by  their  direction  the  actual 
direction  in  which  the  compass  points ;  in  fact  to  draw 
the  lines  of  force.  A  more  useful  way  of  marking  the 
map  is  to  find  out  those  places  at  which  the  declination 
is  the  same,  and  to  join  these  places  by  a  line.  The 
Magnetic  Map  of  England  which  forms  the  Frontis- 
piece to  these  Lessons  is  constructed  on  this  plan.  At 
Bristol  the  compass-needle  in  1888  will  point  19*  to 
the  west  of  the  geographical  north.  The  declination  at 
Torquay,  at  Stafford,  at  Leeds,  and  at  Hartlepool,  will  in 
that  year  be  the  same  as  at  Bristol.  Hence  a  line  joining 
these  towns  may  be  called  a  line  of  equcd  declination^  or 
an  Isosronio  line.  It  will  be  seen  from  this  map  that  the 
declination  is  greater  in  the  north-west  of  England  than 

1  For  if  H  =  Horizontal  Component  of  Force,  and  I  =  Total  Force,  and  0 
=  angle  of  dip,  T  =  H  -r-  cos  0- 
«  For  HS  +  V»  =  I«,  where  V  =  Vertical  Component  of  Force. 
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in  the  souih-east.  We  might  similarly  < 
magnetic  map,  marking  it  with  lines  joining  places 
where  the  dip  was  equal ;  such  lines  would  be  called 
l8O0liQio  lines.  In  England  they  run  across  the  map 
from  west-south-west  to  east-north-east.     On  the  globe 


the  isogonic  lines  run  for  the  most  part  from  the  north 
magnetic  pole  to  the  south  magnetic  polar  region,  but, 
owing  to  the  irregularities  of  distribution  of  the  earth's 
magnetism,  their  forms  are  not  simple.  The  isoclinic 
lines  of  the  globe  run  round  the  earth  like  the  parallels 
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of  latitude,  but  are  irregular  in  form.  Thus  the  line 
joining  places  where  the  north-seeking  pole  of  the 
needle  dips  down  70°  runs  across  England  and  Wales, 
passes  the  south  of  Ireland,  then  crosses  the  Atlantic  in 
a  south-westerly  direction,  traverses  the  United  States, 
swerving  northwards,  and  just  crosses  the  southern  tip 
of  Alaska.  It  drops  somewhat  southward  again  as  it 
crosses  China,  but  again  curves  northwards  as  it  enters 
Russian  territory.  Finally  it  crosses  the  southern  part 
of  the  Baltic,  and  reaches  England  across  the  German 
Ocean.  The  chart  of  the  world,  given  in  Fig.  (i^jy  shows 
the  isoclinic  lines  of  the  Northern  Hemisphere,  and  also 
a  system  of  "  terrestrial  magnetic  meridians "  meeting 
one  another  in  the  North  Magnetic  pole  at  A.  It  was 
prepared  by  the  Astronomer-Royal,  Sir  George  Airy,  for 
his  Treatise  on  Magnetism, 

140.  Variations  of  Earth's  Magnetism. — We 
have  already  mentioned  that  both  the  declination  and 
the  inclination  are  subject  to  changes ;  some  of  these 
changes  take  place  very  slowly,  others  occur  every  year, 
and  others  again  every  day. 

141.  Secular  Changes. — Those  changes  which  re- 
quire many  years  to  run  their  course  are  called  secular 
changes. 

The  variations  of  the  declination  previous  to  1580 
are  not  recorded ;  the  compass  at  London  then  pointed  11" 
east  of  true  north.  This  easterly  declination  gradually  de- 
creased, until  in  1657  the  compass  pointed  true  north. 
It  then  moved  westward,  attaining  a  maximum  of  24** 
27'  about  the  year  18 16,  from  which  time  it  has  slowly 
diminished  to  its  present  value  of  18°  33' ;  it  diminishes 
(in  England)  at  about  the  rate  of  7'  per  year.  At 
about  the  year  1976  it  will  again  point  truly  north, 
making  a  complete  cycle  of  changes  in  about  320  years. 

The  Inclination  in  1576  was  71°  50',  and  it  slowly 
increased  till  1720,  when  the  angle  of  dip  reached 
the  maximum  value  of  74°  42'.     It  has  since  steadily 
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diminished  to  its  present  value  of  67*  39'.  The  period  in 
which  the  cycle  is  completed  is  not  known,  but  the  rate 
of  variation  of  the  dip  is  less  at  the  present  time  than  it 
was  fifty  years  ago.  In  all  parts  of  the  earth  both  declin- 
ation and  inclination  are  changing  similarly.  The  follow- 
ing table  gives  the  data  of  the  secular  changes  at  London. 

Table  of  Secular  Magnetic  Variations. 


Year. 

Declination. 

Inclination. 

1576 

71°  so' 

1580 

II**  l/E. 

1600 

72    0 

1622 

6*'I2' 

1634 

4°o; 

1657 

0"  0'  min. 

1676 

3"  0'  W. 

n'  30' 

1705 

9''o' 

1720 

13"  0' 

74°  42*  max. 

1760 

19'  30' 

1780 

72°  8" 

1800 

24**  6' 

rotas' 

1816 

24"  30'  max. 

1830 

24°  2' 

69°  3- 

1855 

23°  0' 

1868 

20**  33' 

68°  2' 

1878 

19"  14' 

67°  43' 

1880 

18"  40' 

67°  40' 

1888 

If  40' 

67°  25'  (?) 

The  Total  Magnetic  force^  or  "  Intensity,"  also 
slowly  changes  in  value.  As  measured  near  London  it 
was  equal  to  '4791  dyne-units  in  1848,  '4740  in  1866, 
and  at  the  beginning  of  1880,  '4736  dyne-units.^  Owing 
to  the  steady  decrease  of  the  angle  at  which  the  needle 
dips,  the  horizontal  component  of  this  force  (/>.  the 
"  Horizontal  Intensity  ")  is  slightly  increasing.  It  was 
•17 16  dyne-units  in  1848,  and  '1797  dyne-units  at  the 
beginning  of  1880. 

1  That  is  to  say,  a  north  magnet  pole  of  unit  strength  is  urged  in  the  line 
of  dip,  with  a  mechanical  force  of  a  little  less  than  half  a  dyne. 
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X42.  Daily  Variationa — Both  compass  and  dipping- 
needle,  if  minutely  observed,  exhibit  slight  daily  motions. 
About  7  a.m.  the  compass  needle  begins  to  travel  west- 
ward with  a  motion  which  lasts  till  about  i  p.m. ;  during 
the  afternoon  and  evening  the  needle  slowly  travels  back 
eastward,  until  about  lo  p.m. ;  after  this  it  rests  quiet ; 
but  in  summer-time  the  needle  begins  to  move  again 
slightly  to  the  west  at  about  midnight,  and  returns  again 
eastward  before  7  a.m.  These  delicate  variations — never 
more  than  i  o'  of  arc — ^appear  to  be  connected  with  the 
position  of  the  sun ;  and  the  moon  also  exercises  a 
minute  influence  upon  the  position  of  the  needle. 

143.  Annual  Variationa — There  is  also  an  annual 
variation  corresponding  with  the  movement  of  the  earth 
around  the  sun.  In  the  British  Islands  the  total  force 
is  greatest  in  June  and  least  in  February,  but  in  the 
Southern  Hemisphere,  in  Tasmania,  the  reverse  is  the 
case.  The  dip  also  differs  with  the  season  of  the  year, 
the  angle  of  dip  being  (in  England)  less  during  the  foui 
summer  months  than  in  the  rest  of  the  year. 

144.  Eleven -Year  Period. — General  Sabine  dis- 
covered  that  there  is  a  larger  amount  of  variation  of  the 
declination  occurring  about  once  every  eleven  years. 
Schwabe  noticed  that  the  recurrence  of  these  periods 
coincided  with  the  eleven -year  periods  at  which  there 
is  a  maximum  of  spots  on  the  sun.  Professor  Balfour 
Stewart  and  others  have  endeavoured  to  trace  a  similar 
periodicity  in  the  recurrence  of  auroraa^  and  of  other 
phenomena. 

145.  Magnetio  Storms. — It  is  sometimes  observed 
that  a  sudden  (though  very  minute)  irregular  disturbance 
will  affect  the  whole  of  the  compass  needles  over  a  con- 
siderable region  of  the  globe.  Such  occurrences  are 
known  as  magnetic  storms;  they  frequently  occur  at 
the  time  when  an  aurora  is  visible. 

146.  Self-reoordinfiT  Magnetic  Apparatua — At 

1  See  Lesson  XXIV.,  on  Atmospheric  £lectricity. 
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Kew  and  other  magnetic  observatories  the  daily  and 
hourly  variations  of  the  magnet  are  recorded  on  a 
continuous  register.  The  means  employed  consists  in 
throwing  a  beam  of  light  from  a  lamp  on  to  a  light  mirror 
attached  to  the  magnet  whose  motion  is  to  be  observed. 
A  spot  of  light  is  thus  reflected  upon  a  ribbon  of  photo- 
graphic paper  prepared  so  as  to  be  sensitive  to  light. 
The  paper  is  moved  continuously  forward  by  a  clock- 
work train ;  and  if  the  magnet  be  at  rest  the  dark  trace 
on  the  paper  will  be  simply  a  straight  line.  If,  however, 
the  magnet  moves  aside,  the  spot  of  light  reflected  from 
the  mirror  will  be  displaced,  and  the  photographed  line 
will  be  curved  or  crooked.  Comparison  of  such  records, 
or  " magnetographsy^  from  stations  widely  apart  on  the 
earth's  surface,  promises  to  afford  much  light  upon  the 
cause  of  the  earth's  magnetism  and  of  its  changes,  of 
which  hitherto  no  reliable  origin  has  been  with  certainty 
assigned. 

The  phenomenon  of  earth  -  currents  (Art.  403)  appears  to  be  connected 
with  that  of  the  changes  in  the  earth's  magnetism,  and  can  be  observed 
whenever  there  is  a  display  of  aurora,  and  during  a  magnetic  storm ;  but  it 
is  not  yet  determined  whether  these  currents  are  due  to  the  variations  in  the 
magnetism  of  the  earth,  or  whether  these  variations  are  due  to  the  currents. 
It  is  known  ttiat  the  evaporation  (see  A^.  63)  always  going  on  in  the  tropics 
causes  the  ascending  currents  of  heated  air  to  be  electrified  positively 
relatively  to  the  earth.  These  air-currrents  travel  northward  and  southward 
toward  the  colder  polar  regions,  where  they  descend.  These  streams  of 
electrified  air  will  act  (see  Art.  337)  like  true  electric  currents,  and  as  the 
earth  rotates  within  them  it  will  be  acted  upon  magnetically.  Whether  this 
will  account  for  the  gradual  growth  of  the  earth's  magnetism  is  an  open 
question.  The  action  of  the  sun  and  moon  in  raising  tides  in  the  atmosphere 
might  also  account  for  the  variations  mentioned  in  Art.  142.  It  is  im- 
portant to  note  that  in  all  magnetic  storms  the  intensity  of  the  perturbations 
is  greatest  in  the  regions  nearest  the  poles ;  also,  that  the  magnetic  poles 
coincide  very  nearly  with  the  regions  of  greatest  cold :  that  the  region  where 
aurorse  (Art.  309)  are  seen  in  greatest  abundance  is  a  region  l3ring  nearly 
symmetrically  round  the  magnetic  pole.  It  may  be  added  that  the  general 
direction  of  the  feeble  daily  earth  -  currents  (Art.  403)  is  from  the  poles 
toward  the  equator. 
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CHAPTER  in. 

Current  Electricity. 

Lesson  XI  H. — Simple  Voltaic  Cells, 

147.  It  has  been  already  mentioned,  in  Lesson  IV., 
how  electricity  flows  away  from  a  charged  body  through 
any  conducting  substance,  such,  as  a  wire  or  a  wetted 
string.  If,  by  any  arrangement,  electricity  could  be 
supplied  to  the  body  just  as  fast  as  it  flowed  away,  a 
continuous  current  would  be  produced.  Such  a  current 
always  flows  through  a  conducting  wire,  if  the  ends  are 
kept  at  different  electric  potentials.  In  like  manner, 
a  current  of  heat  flows  through  a  rod  of  metal  if  the 
ends  are  kept  at  diffierent  temperatures,  the  flow  being 
always  from  the  high  temperature  to  the  lower.  It  is 
convenient  to  regard  electricity  as  flowing  from  positive 
jto  negative  ;  or,  in  other  words,  the  direction  of  an  electric 
current  is  from  the  high  potential  to  the  low.  It  is 
obvious  that  such  a  flow  tends  to  bring  both  to  one 
level  of  potential.  The  "  current "  has  sometimes  been 
regarded  as  a  double  transfer  of  positive  electricity  in 
one  direction,  and  of  negative  electricity  in  the  opposite 
direction.  The  only  evidence  to  support  this  very  un- 
necessary supposition  is  the  fact  that,  in  the  decom- 
position of  liquids  by  the  current,  some  of  the  elements 
are  liberated  at  the  point  where  the  potential  is  highest, 
others  at  the  point  where  it  is  lowest. 
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Continuous  currents  of  electricity,  such  as  we  have 
described,  are  usually  produced  by  voltaic  cellsy  or 
batteries  of  such  cells,  though  there  are  other  sources  of 
currents  hereafter  to  be  mentioned. 

148.*  Discoveries  of  G-alvani  and  of  Volta. — 
The  discovery  of  electric  currents  originated  with  Galvanic 
a  physician  of  Bologna,  who,  about  the  year  1786,  made 
a  series  of  curious  and  important  observations  upon  the 
convulsive  motions  produced  by  the  "  return-shock  "  (Art. 
26)  and  other  electric  discharges  upon  a  frog's  leg.  He 
was  led  by  this  to  the  discovery  that  it  was  not  necessary 
to  use  an  electric  machine  to  produce  these  effects,  but 
that  a  similar  convulsive  kick  was  produced  in  the  frog's 
leg  when  two  dissimilar  metals,  iron  and  copper,  for 
example,  were  placed  in  contact  with  a  nerve  and  a 
muscle  respectively,  and  then  brought  into  contact  with 
each  other.  Galvani  imagined  this  action  to  be  due  to 
electricity  generated  by  the  frog's  leg  itself.  It  was, 
however,  proved  by  Volta^  Professor  in  the  University 
of  Pavia,  that  the  electricity  arose  not  from  the  muscle 
or  nerve,  but  from  the  contact  of  the  dissimilar  metals. 
When  two  metals  both  in  contact  with  the  air  or  other 
oxidising  medium  are  placed  in  contact  with  one  another, 
the  surface  of  one  becomes  positive  and  of  the  other  nega- 
tive, as  stated  on  p.  Sj,  Though  the  charges  are  very 
feeble,  Volta  proved  their  reality  by  two  different  methods. 

149.  Contact  Electricity:  Proof  by  the  Con- 
densin^r  Electroscope. — ^The  first  method  of  proof 
devised  by  Volta  involved  the  use  of  the  Condensing 
Electroscope^  alluded  to  in  Art.  71.  It  can  be  used  in 
the  following  way  to  show  the  production  of  electrifi- 
cation. A  small  bar  made  of  two  dissimilar  metals,  zinc 
and  copper  soldered  together,  is  held  in  the  hand,  and 
one  end  is  touched  against  the  lower  plate,  the  upper 
plate  being  at  the  same  time  joined  to  "earth"  or 
touched  with  the  hand  (Fig.  68).  During  the  con- 
tact electrical  separation  has  taken  place  at  the  point 
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where  the  dissimilar  metals  touched  one  another,  and 
upon  the  plates  of 
the  condenser  the  op- 
posite charges  have 
accumulated.  When 
the  upper  plate  is 
lifted  off  the  lower 
one,  the  capacity  of 
the  condenser  dimin- 
ishes enormously,  and 
"  the  small  quantity  of 
electricity  is  now  able 
to  raise  the  potential 
of  the  plates  to  a 
higher  degree,  and 
'  the  gold  leaves  ac- 
cordingly expand.' 

150.  The  Voltaic 
Pile. — The  second  of 
^'^  **■  Voha's  proofs  was  less 

direct,  but  even  more  convincing ;  and  consisted  in 
showing  that  when  a  number  of  such  contacts  of  dis- 
similar metals  could  be  arranged  so  as  to  add  their 
electrical  effects  together,  those  effects  were  more  power- 
ful in  proportion  to  the  number  of  the  contacts.  With 
this  view  he  constructed  the  apparatus  known  (in  honour 
of  the  discoverer)  as  the  Voltaic  Pile  (Fig.  69).  It 
is  made  by  placing  a  pair  of  discs  of  zinc  and  copper 
in  contact  with  one  another,  then  laying  on  the  copper 
disc  a  piece  of  flannel  or  blotting-paper  moistened  with 
brine,  then  another  pair  of  discs  of  line  and  copper,  and 
so  on,  each  pair  of  discs  in  the  pile  being  separated 

1  FonneAj,  IhLa  action  was  Bccounlod  for  by  ssybig  Ihal  the  electricity 
which  was  "  bound  "  when  the  plates  of  the  condenser  were  close  tosethcr. 
becomes  "  free "  when  the  lop  [Jate  is  lifted  up ;  the  above  is,  however,  a 

uudent  who  is  unable  to  reconcile  these  two  ways  of  slatijii!  the  matter 
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by  a  moist  conductor.      Such  a  pile,  if  composed  of 
a  number  of  such  pairs  of  discs,  will  produce  electricity 
enough  10  give  quite  a  percepiible  shock,  if  the  top  and 
bottom  discs,  or    wires   connected  with 
them,  be   touched    simultaneously   with 
the  moist  fingers.     When  a  single  pair 
of  metals   are    placed    in    contact,   one    p 
becomes  +  ly  electrical  to  a  certain  small 
extent,  and  the  other—  ly  electrical,  or  in 
other  words  there  is  a  certain  difference 
of  electric  potential  (see  p,  40)  between     1 
them.     But  when  a  number  are  thus  set 
in  series  with  moist  conductors  between 
the   successive   pairs,  the    difference  of 
potential  between  the  first  zinc  and  the 
last  copper  disc  is  increased  in  propor- 
tion to  the  number  of  pairs ;   for  now  ^*  *9- 
all  the  successive  small  differences  of  potential  are  added 
together. 

161.  The  Orown  of  Oups. — Another  combination 
devised  by  Volta  was  his  Courotttie  de  Tosses  or  Crown 
of  Cups.     It  consisted  of  a  number  of  cups  (Fig.  70), 


filled  either  with  brine  or  dilute  acid,  into  which  dipped 
a  number  of  compound  strips,  half  linc  half  copper, 
the  zinc  portion  of  one  strip  dipping  into  one  cup,  while 
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the  copper  portion  dipped  into  the  other  cup.  The 
difTerence  of  potential  between  the  first  and  last  cups 
is  again  proportional  to  the  number  of  pairs  of  metal 
Strips.  This  arrangement,  though  badly  adapted  for 
such  a  purpose,  is  powerful  enough  to  ring  an  electric 
bell,  the  wires  of  which  are  joined  to  the  first  zinc  and 
the  last  copper  strip.  The  electrical  action  of  these 
combinations  is,  however,  best  understood  by  studying 
the  phenomena  of  one  single  cup  or  cdl. 

152.  Simple  Voltaic  OelL — Place  in  a  glass  jar  some 
water  having  a  little  sulphuric  acid  or  any  other  oxidising 
acid  added  to  it  (Fig.  71).  Place  in  it  separately  two 
clean  strips,  one  of 
zinc  Z,  and  one  of 
copper  C.  This  cell 
is  capable  of  sup- 
plying a  continuous 
flow  of  electricity 
through  a  wire 
whose  ends  arc 
brought  into  con- 
nection ,  with  the 
two  strips.  When 
the  current  flows 
the  zinc  strip  is 
,  observed  to  waste 
away;  its  consump- 
tioninfactfumishes 
the  energy  required 
T\g.  71.  to  drive  the  current 

through  the  cell 
and  the  connecting  wire.  The  cell  may  therefore  be 
regarded  as  a  sort  of  chemical  furnace  in  which  the  fuel 
is  zinc.  Before  the  strips  are  connected  by  a  wire  no 
appreciable  difference  of  potential  between  the  copper 
and  the  zinc  will  be  observed  by  an  electrometer ; 
because  ihe  electrometer  only  measures  the  potential  at 
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a  point  in  the  air  or  oxidising  medium  outside  the  zinc 
or  the  copper,  not  the  potentials  of  the  metals  them- 
selves. The  zinc  itself  is  at  about  i*86  volts  lower 
potential  than  the  surrounding  oxidising  media  (see  Art. 
422  ^s);  while  the  copper  is  at  only  about  -81  volts 
lower,  having,  a  less  tendency  to  become  oxidised. 
There  is  then  a  latent  difference  of  potential  of  about 
1*05  volts  between  the  copper  and  the  zinc:  but  this 
produces  no  current  as  long  as  there  is  no  metallic  con- 
tact. If  the  strips  are  made  to  touch,  or  are  joined  by 
a  pair  of  metal  wires,  immediately  there  is  a  rush  of 
electricity  through  the  metal  from  the  copper  to  the  zinc, 
and  a  small  portion  of  the  zinc  is  at  the  same  time  dis- 
solved away ;  the  zinc  parting  with  its  latent  energy  as 
its  atoms  combine  with  the  acid.  This  energy  is  ex- 
pended in  forcing  a  discharge  of  electricity  through  the 
acid  to  the  copper  strip,  and  thence  through  the  wire 
circuit  back  to  the  zinc  strip.  The  copper  strip,  whence 
the  current  starts  on  its  journey  through  the  external 
circuit,  is  called  the  positive  pole^  and  the  zinc  strip  is 
called  the  negative  pole.  If  two  copper  wires  are  united 
to  the  tops  of  the  two  strips,  though  no  current  flows  so 
long  as  the  wires  are  kept  separate,  the  wire  attached  to 
the  zinAmdll  be  found  to  be  negative,  and  that  attached 
to  the  Apper  positive,  there  being  still  a  tendency  for 
the  zinc  to  oxidise  and  drive  electricity  through  the  cell 
from  zinc  to  copper.  This  state  of  things  is  represented 
in  Fig.  7 1  ;  and  this  distribution  of  potentials  led  some 
to  consider  the  junction  of  the  zinc  with  the  copper  wire 
as  the  starting  point  of  the  current.  But  the  real  starting 
point  is  in  the  cell  at  the  surface  of  the  zinc  where 
the  chemical  action  is  furnishing  energy ;  for  from  this 
point  there  are  propagated  through  the  liquid  certain 
electro-chemical  actions  (more  fully  explained  in  chap, 
xi.)  which  have  the  result  of  constantly  renewing  the 
difference  of  potential  and  supplying  electricity  to  the 
+  pole  just  as  fast  as  that  electricity  leaks  away  through 
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the  wire  to  the  —  pole.  At  the  same  time  it  will  be 
noticed  that  a  few  bubbles  of  hydrogen  gas  appear  on  the 
surfiace  of  the  copper  plate.  Both  these  actions  go  on  as 
long  as  the  wires  are  joined  to  form  a  complete  circuit. 

163.  Effects  produced  by  Current. — The  cur- 
rent itself  cannot  be  seen  to  flow  through  the  wire 
circuit;  hence  to  prove  that  any  particular  cell  or 
combination  produces  a  current  requires  a  knowledge 
of  some  of  the  ejects  which  currents  can  produce.  These 
are  of  various  kinds.  A  current  flowing  through  a  thin 
wire  will  heat  it ;  flowing  near  a  magnetic  needle  it  will 
cause  it  to  turn ;  flowing  through  water  and  other 
liquids  it  decomposes  them ;  and,  lastly,  flowing  through 
the  living  body  or  any  sensitive  portion  of  it,  it  produces 
certain  sensations.  These  effects,  thermal,  magnetic, 
chemical,  and  physiological,  will  be  considered  in  special 
Lessons. 

154.  Voltaic  Battery. — If  a  number  of  such  simple 
cells  are  united  in  series,  the  zinc  plate  of  one  joined  to 
the  copper  plate  of  the  next,  and  so  on,  a  greater  differ- 
ence of  potentials  will  be  produced  between  the  copper 
"  pole  "  at  one  end  of  the  series  and  the  zinc  "  pole  "  at 
the  other  end.  Hence,  when  the  two  poles  are  joined 
by  a  wire  there  will  be  a  more  powerful  flow  of  electricity 
than  one  cell  would  cause.  Such  a  combination  of 
Voltaic  Cells  is  called  a  Voltaic  Battery.^ 

156.  Electromotive -Forca — The  term  ^^electro- 
motive-force "  is  employed  to  denote  that  which  moves 
or  tends  to  move  electricity  from  one  place  to  another.^ 

1  By  some  writers  the  name  Galvanic  Battery  is  given  in  honour  of 
Galvani ;  but  the  honour  is  certainly  Volta's.  The  electricity  that  flows 
thus  in  currents  is  sometimes  called  Voltaic  Ei*ciricityt  or  Galvanic 
Electricity ^  or  sometimes  even  Galvanism  (I),  but,  as  we  shall  see,  it  differs 
only  in  degree  from  Frictional  or  any  other  Electricity,  and  both  can  flow 
through  wires,  and  magnetise  iron,  and  decompose  chemical  compounds. 

S  The  beginner  must  not  confi»e  **  Electromotive -force y**  or  that  whic^ 
tends   to  move   electricity,  with  Electric  ** forced  or   that  force 
which  electricity  tends  to  move  matter.    Newton   has  virtually  defined  ( 

'^  force,"  once  for  all,  as  that  which  moves  or  tends  to  move  matter.    )/vher  ' 

f 
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For  brevity  we  sometimes  write  it  E.M.F.  In  this 
particular  case  it  is  obviously  the  result  of  the  difference 
of  potential,  and  proportional  to  it  Just  as  in  water- 
pipes  a  difference  of  level  produces  a  pressure^  and  the 
pressure  produces  diflow  so  soon  as  the  tap  is  turned 
on,  so  difference  of  potential  produces  electromotive-force^ 
and  electromotive-force  sets  up  a  current  so  soon  as  a 
circuit  is  completed  for  the  electricity  to  flow  through. 
Electromotive-force,  therefore,  may  often  be  conveniently 
expressed  as  a  difference  of  potential,  and  vice  versd; 
but  the  student  must  not  forget  the  distinction. 

166,  Volta's  Laws. — Volta  showed  (Art.  71)  that 
the  difference  of  potential  between  two  metals  in  contact 
depended  merely  on  what  metals  they  were,  not  on 
their  size,  nor  on  the  amount  of  surface  in  contact.  He 
also  showed  that  when  a  number  of  metals  touch  one 
another  the  difference  of  potential  between  the  first  and 
last  of  the  row  is  the  same  as  if  they  touched  one 
another  directly.  A  quantitative  illustration  from  the 
researches  of  Ayrton  and  Perry  was  given  in  Art.  72. 
But  the  case  of  a  series  of  cells  is  different  from  that  of 
a  mere  row  of  metals,  for,  as  we  have  seen,  when  two 
metals  are  inmiersed  in  a  conducting  liquid  they  are 
thereby  equalised,  or  nearly  equalised,  in  potential. 
Hence,  if  in  the  row  of  cells  the  zincs  and  coppers  are 
all  arranged  in  one  order,  so  that  all  of  them  set  up 
electromotive -forces  in  the  same  direction,  the  total 
electromotive 'force  of  the  series  will  be  equcU  to  the 
electromotive 'force  of  one  cell  multiplied  by  the  number 
of  cells, 

167.  Hitherto  we  have  spoken  only  of  zinc  and 
copper  as  the  materials  for  a  battery ;  but  batteries  may 
be  made  of  any  two  metals.     That  battery  will  have  the 

matter  is  moved  by  a  magnet  we  speak  rightly  of  ifuignetic  force ;  when 
electricity  moves  matter  we  may  speak  of  electric  force.  But  E.M.F.  is 
quite  a  different  thing,  not  **  force"  at  all,  for  it  acts  not  on  matter  but  on 
electricity,  and  tends  to  moVe  it. 

K 
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greatest  electromotive -force,  or  be  the  most  "intense," 
in  which  those  materials  are  used  which  give  the 
greatest  difference  of  potentials  on  contact,  or  which  are 
widest  apart  on  the  "  contact-series "  given  in  Art.  72. 
Zinc  and  copper  are  very  convenient  in  this  respect ; 
and  zinc  and  silver  would  be  better  but  for  the  expense. 
For  more  powerful  batteries  a  zinc-platinum  or  a  zinc- 
carbon  combination  is  preferable. 

168.  BesistaQce. — The  same  electromotive -force 
does  not,  however,  always  produce  a  current  of  the  same 
strength.  The  strength  of  the  current  depends  not  only  on 
the  force  tending  to  drive  the  electricity  round  the  circuit, 
but  also  on  the  resistance  which  it  has  to  encounter 
and  overcome  in  its  flow.  If  the  cells  be  partly  choked 
with  sand  or  sawdust  (as  is  sometimes  done  in  so- 
called  "  Sawdust  Batteries  "  to  prevent  spilling),  or,  if  the 
wire  provided  to  complete  the  circuit  be  very  long  or 
very  thin,  the  action  will  be  partly  stopped,  and  the 
current  will  be  weaker,  although  the  E.M.F,  may  be 
unchanged.  The  analogy  of  the  water-pipes  will  again 
help  us.  The  pressure  which  forces  the  water  through 
pipes  depends  upon  the  difference  of  level  between  the 
cistern  from  which  the  water  flows  and  the  tap  to  which 
it  flows ;  but  the  amount  of  water  that  runs  through  will 
depend  not  on  the  pressure  alone,  but  on  the  resistance 
it  meets  with ;  for,  if  the  pipe  be  a  very  thin  one,  or 
choked  with  sand  or  sawdust,  the  water  will  only  run 
slowly  through. 

Now  the  metals  in  general  ^conduct  well :  their  resist- 
ance is  small ;  but  metal  wires  must  not  be  too  thin  or 
too  long,  or  they  will  resist  too  much,  and  permit  only 
a  feeble  current  to  pass  through  them.  The  liquids  in 
the  battery  do  not  conduct  nearly  so  well  as  the  metals, 
and  different  liquids  have  different  resistances.  Pure 
water  will  hardly  conduct  at  all,  and  is  for  the  feeble 
electricity  of  the  voltaic  battery  almost  a  perfect  in- 
sulator, though  for  the  high -potential  electricity  of  the 
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frictional  machines  it  is,  as  we  have  seen,  a  fair  conductor. 
Salt  and  saltpetre  dissolved  in  water  are  good  con- 
ductors, and  so  are  dilute  acids,  though  strong  sul- 
phuric acid  is  a  bad  conductor.  The  resistance  of  the 
liquid  in  the  cells  may  be  reduced,  if  desired,  by  using 
larger  plates  of  metal  and  putting^  them  nearer  together. 
Gases  are  bad  conductors ;  hence  the  bubbles  of  hydro- 
gen gas  which  are  given  off  at  the  copper  plate  during 
the  action  of  the  cell,  and  which  stick  to  the  surface 
of  the  copper  plate,  increase  the  internal  resistance  of 
the  cell  by  diminishing  the  effective  surface  of  the  plates. 


Lesson  XIV. — Chemical  Actions  in  the  Cell. 

160.  The  production  of  a  current  of  electricity  by  a 
voltaic  cell  is  always  accompanied  by  chemical  actions 
in  the  cell.  One  of  the  metals  at  least  must  be  readily 
oxidisable,  and  the  liquid  must  be  one  capable  of  acting 
on  the  metal.  As  a  matter  of  fact,  it  is  found  that  zinc 
and  the  other  metals  which  stand  at  the  electropositive 
end  of  the  contact -series  (see  Art  72)  are  oxidisable ; 
whilst  the  electronegative  substances — copper,  silver, 
gold,  platinum,  and  graphite — are  less  oxidisable,  and 
the  last  three  resist  the  action  of  every  single  acid. 
There  is  no  proof  that  their  electrical  behavioiu:  is  due  to 
their  chemical  behaviour ;  nor  is  their  chemical  behaviour 
due  to  their  electrical.  Probably  both  result  from  a 
common  cause.    (See  Article  422  {pis\  and  also  p.  71.) 

160.  A  piece  of  quite  pure  zinc  when  dipped  alone 
into  dilute  sulphuric  acid  is  not  attacked  by  the  liquid. 
But  the  ordinary  commercial  zinc  is  not  pure,  and  when 
plunged  into  dilute  sulphuric  acid  dissolves  away,  a  large 
quantity  of  bubbles  of  hydrogen  gas  being  given  off  from 
the  surface  of  the  metal.  Sulphuric  acid  is  a  complex 
substance,  in  which  every  molecule  is  made  up  of  a 
group  of  atoms, — 2  of  Hydrogen,  i  of  Sulphur,  and  4  of 
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Oxygen;  or,  in  symbols,  HjS04.  The  chemical  reaction 
by  which  the  zinc  enters  into  combination  with  the 
radical  of  the  acid,  turning  out  the  hydrogen,  is  expressed 
in  the  following  equation  : — 

Zn     +        H2SO4         =         ZnS04       +       Hg 

Zinc     and     Sulphuric  Acid     produce  Sulphate  of  Zinc   and   Hydrogen. 

The  stdphate  of  zinc  produced  in  this  reaction  remains 
in  solution  in  the  liquid. 

Now,  when  a  plate  of  pure  zinc  and  a  plate  of  some 
less-easily  oxidisable  metal — copper  or  platinum,  or,  best 
of  all,  carbon  (the  hard  carbon  from  the  gas  retorts) — 
are  put  side  by  side  into  the  cell  containing  acid,  no 
appreciable  chemical  action  takes  place  until  the  circuit 
is  completed  by  joining  the  two  plates  with  a  wire,  or  by 
making  them  touch  one  another.  Directly  the  circuit  is 
completed  a  current  flows  and  the  chemical  actions 
begin,  the  zinc  dissolving  in  the  acid,  and  the  acid  giving 
up  its  hydrogen  in  streams  of  bubbles.  But  it  will  be 
noticed  that  these  bubbles  of  hydrogen  are  evolved  not 
at  the  zinc  plate,  nor  yet  throughout  the  liquid,  but  at  the 
surface  of  the  copper  plate  (or  the  carbon  plate  if  carbon 
is  employed).  This  apparent  transfer  of  the  hydrogen 
gas  through  the  liquid  from  the  surface  of  the  zinc  plate 
to  the  surface  of  the  copper  plate  where  it  appears  is 
very  remarkable.  The  ingenious  theory  framed  by 
Grotthuss  to  account  for  it,  is  explained  in  Lesson 
XXXVI IL  on  Electro-chemistry. 

These  chemical  actions  go  on  as  long  as  the  current 
passes.  The  quantity  of  zinc  used  up  in  each  cell  is 
proportional  to  the  amount  of  electricity  which  flows 
round  the  circuit  while  the  battery  is  at  work;  or,  in 
other  words,  is  proportional  to  the  strength  of  the 
current.  The  quantity  of  hydrogen  gas  evolved  is  also 
proportional  to  the  amount  of  zinc  consumed,  and  also 
to  the  strength  of  the  current.  After  the  acid  has  thus 
dissolved  zinc  in  it,  it  will  no  longer  act  as  a  corrosive 
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solvent ;  it  has  been  "  killed,"  as  workmen  say,  for  it 
has  been  turned  into  sulphate  of  zinc  The  battery  will 
cease  to  act,  therefore,  either  when  the  zinc  has  all  dis- 
solved away,  or  when  the  acid  has  become  exhausted, 
that  is  to  say,  when  it  is  all  turned  into  sulphate  of  zinc. 
Stout  zinc  plates  will  last  a  long  time,  but  the  acids 
require  to  be  renewed  frequently,  the  spent  liquor  being 
emptied  out. 

161.  Looal  Action. — When  the  circuit  is  not  closed 
the  current  cannot  flow,  and  there  should  be  no  chemical 
action  so  long  as  the  battery  is  producing  no  current. 
The  impure  zinc  of  commerce,  however,  does  not  re- 
main quiescent  in  the  acid,  but  is  continually  dissolving 
and  giving  off  hydrogen  bubbles.  This  looal  action, 
as  it  is  termed,  is  explained  in  the  following  manner  : — 
The  impurities  in  the  zinc  consist  of  particles  of  iron, 
arsenic,  and  other  metals.  Suppose  a  particle  of  iron  to 
be  on  the  surface  anywhere  and  in  contact  with  the  acid.' 
It  will  behave  like  the  copper  plate  of  a  battery  towards 
the  zinc  particles  in  its  neighbourhood,  for  a  local  differ- 
ence of  potential  will  be  set  up  at  the  point  where  there 
is  metallic  contact,  causing  a  local  current  to  run  from 
the  particles  of  zinc  through  the  acid  to  the  particle  of 
iron,  and  so  there  will  be  a  constant  wasting  of  the  zinc, 
both  when  the  battery  circuit  is  closed  and  when  it  is  open. 

162.  Amalgamation  of  Zinc. — We  see  now  why  a 
piece  of  ordinary  commercial  zinc  is  attacked  on  being 
placed  in  acid.  There  is  local  action  set  up  all  over  its 
surface  in  consequence  of  the  metallic  impurities  in  it. 
To  do  away  with  this  local  action,  and  abolish  the 
wasting  of  the  zinc  while  the  battery  is  at  rest,  it  is  usual 
to  amalgamate  the  surface  of  the  zinc  plates  with 
mercury.  The  surface  to  be  amalgamated  should  be 
cleaned  by  dipping  into  acid,  and  then  a  few  drops  of 
mercury  should  be  poured  over  the  surface  and  rubbed 
into  it  with  a  bit  of  linen  rag  tied  to  a  stick.  The 
mercury  unites  with  the  zinc  at  the  surface,  forming  a 
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pasty  amalgam.  The  iron  particles  do  not  dissolve  in 
the  mercury,  but  float  up  to  the  surface,  whence  the 
hydrogen  bubbles  which  may  form  speedily  carry  them 
oE  As.  the  zinc  in  this  pasty  amalgam  dissolves  into 
the  acid  the  film  of  mercury  unites  with  fresh  portions 
of  zinc,  and  so  presents  always  a  clean  bright  surface  to 
the  liquid. 

A  newer  and  better  process  is  to  add  about  4  per  cent  of 
mercury  to  the  molten  zinc  before  casting  into  plates  or  rods. 
If  the  zinc  plates  of  a  battery  are  well  amalgamated  there  should 
be  no  evolution  of  hydrogen  bubbles  when  the  circuit  is  open. 
Nevertheless  there  is  still  always  a  little  wasteful  local  action 
during  the  action"  of  the  battery.  Jacobi  found  that  while  one 
part  of  hydrogen  was  evolved  at  the  positive  pole,  33*6  parts  of 
zinc  were  dissolved  at  the  negative  pole,  instead  of  the  32*5 
parts  which  are  the  chemical  equivalent  of  the  hydrogen. 

163.  Polarisation. — The  bubbles  of  hydrogen  gas 
liberated  at  the  surface  of  the  copper  plate  stick  to 
it  in  great  numbers,  and  form  a  film  over  its  surface ; 
hence  the  effective  amount  of  surface  of  the  copper  plate 
is  very  seriously  reduced  in  a  short  time.  When  a 
simple  cell,  or  battery  of  such  cells,  is  set  to  produce  a 
current,  it  is'  found  that  the  strength  of  the  current  after 
a  few  minutes,  or  even  seconds,  fells  off  very  greatly, 
and  may  even  be  almost  stopped.  This  immediate 
falling  off  in  the  strength  of  the  current,  which  can  be 
observed  with  any  galvanometer  and  a  pair  of  zinc  and 
copper  plates  dipping  into  acid,  is  almost  entirely  due  to 
the  film  of  hydrogen  bubbles  sticking  to  the  copper  pole. 
A  battery  which  is  in  this  condition  is  said  to  be 
"  polarised." 

164.  Efifects  of  polarisation. — ^The  film  of  hydro- 
gen bubbles  affects  the  strength  of  the  current  of  the  cell 
in  two  ways. 

Firstly^  It  weakens  the  current  by  the  increased  resist- 
ance which  it  offers  to  the  flow,  for  bubbles  of  gas  are 
bad  conductors ;  and, 

Secondly^  It  weakens  the  current  by  setting  up  an 
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opposing  electromotive-force;  for  hydrogen  is  almost  as 
oxidisable  a  substance  as  zinc,  especially  when  freshly 
deposited  (or  in  a  "nascent "  state),  and  is  electropositive, 
standing  high  in  the  series  on  p.  69.  Hence  the 
hydrogen  itself  produces  a  difference  of  potential,  which 
would  tend  to  start  a  current  in  the  opposite  direction  to 
the  true  zinc-to-copper  current. 

It  is  therefore  a  very  important  matter  to  abolish  this 
polarisation,  otherwise  the  currents  furnished  by  batteries 
would  not  be  constant. 

166.  Bemedies  agrainst  Internal  Polarisation. 
— Various  remedies  have  been  practised  to  reduce  or 
prevent  the  polarisation  of  cells.  These  may  be  classed 
as  mechanical,  chemical,  and  electro-chemical. 

1.  Mechanical  Means. — If  the  hydrogen  bubbles  be 
simply  brushed  away  from  the  surface  of  the  positive 
pole,  the  resistance  they  caused  will  be  diminished.  If 
air  be  blown  into  the  acid  solution  through  a  tube,  or  if 
the  liquid  be  agitated  or  kept  in  constant  circulation  by 
siphons,  the  resistance  is  also  diminished.  If  the  surface 
be  rough  or  covered  with  points,  the  bubbles  collect  more 
freely  at  the  points  and  are  quickly  carried  up  to  the 
surface,  and  so  got  rid  of.  This  remedy  was  applied  in 
Smee's  Cell,  which  consisted  of  a  zinc  and  a  platinised 
silver  plate  dipping  into  dilute  sulphuric  acid ;  the  silver 
plate,  having  its  surface  thus  covered  with  a  rough  coat- 
ing of  finely  divided  platinum,  gave  up  the  hydrogen 
bubbles  freely ;  nevertheless,  in  a  battery  of  Smee  Cells 
the  current  falls  off  greatly  after  a  few  minutes. 

2.  Chemical  Means. — If  a  highly-oxidising  substance 
be  added  to  the  acid  it  will  destroy  the  hydrogen  bubbles 
whilst  they  are  still  in  the  nascent  state,  and  thus  will 
prevent  both  the  increased  internal  resistance  and  the 
opposing  electromotive  -  force.  Such  substances  are 
bichromate  of  potash,  nitric  acid,  and  bleaching  powder 
(so-called  chloride  of  lime).  These  substances,  however, 
would  attack  the  copper  in  a  zinc-copper  cell.     Hence 
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they  can  only  tw  made  use  of  in  zinccarbon  or  zinc- 
platinum  cells.     Nitric  acid  also  attacks  zinc  when  the 
circuit  is  open.     Hence  it  cannot  be  employed  in  the 
same  single  cell  with  the  zinc  plate.     In  the  Bichro- 
mate   Battery,   invented  by  Poggendorf,   bichromate 
of    potash     is    added 
to  the  sulphuric  acid. 
This  cell  is  most  con- 
veniently made  up  as 
a     "  bottle     battery " 
(Fig.  72),  in  which  a 
plate  of  zinc  is  the  - 
pole,    and    a   pair   of 
carbon  plates,  one  on 
each  ade  of  the  zinc, 
arc  joined  together  at 
the  top   as   a  -H  pole. 
As  this  solution  acts 
on     the     metal     zinc 
when    the    circuit    is 
open,   the    zinc    plate 
is  fixed  to  a  rod  by 
which  it  can  be  drawn 
'*'  '^  up  out  of  the  solution 

when  the  cell  is  not  being  worked.  Other  cases  of 
chemical  prevention  of  polarisation  are  mentioned  in 
describing  other  forms  of  battery. 

3.  Electrochemical  Means. — It  is  possible  by  employ- 
ing double  cells,  as  explained  in  the  next  Lesson,  to  so 
arrange  matters  that  some  solid  metal,  such  as  copper, 
shall  be  liberated  instead  of  hydrogen  bubbles,  at  the 
point  where  the  current  leaves  the  liquid.  This  electro- 
chemical exchange  entirely  obviates  polarisation. 

166.  Simple  Laws  of  Chemical  Action  in  tile 
Cell. — We  will  conclude  this  section  by  enumerating  the 
two  simple  laws  of  chemical  action  in  the  cell. 

I.   The  amount  of  chemical  action  in  the  cell  is  proper- 
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ttona^o  the  quantity  of  electricity  that  passes  through  it,      A  fy^ 
— that  is  to  say,  is  proportional  to  the  strength  of  the         / 
current  while  it  passes. 

One  coulomb^  of  electricity  in  passing  through  the  cell 
liberates  ^{^^^  (or  -000010352)  of  a  gramme  of  hydro- 
gen, and  causes  q^I'^q  (or  '00033644)  of  a  gramme  of 
zinc  to  dissolve  in  the  acid. 

II.  The  amount  of  chemical  action  is  equal  in  each  cell 
of  a  battery  consisting  of  cells  joined  in  series. 

The  first  of  these  laws  was  thought  by  Faraday,  who 
discovered  it,  to  disprove  Volta*s  contact  theory.  He 
foresaw  that  the  principle  of  the  conservation  of  energy 
would  preclude  a  mere  contact  force  from  furnishing  a 
continuous  supply  of  current,  and  hence  ascribed  the 
current  to  the  diemical  actions  which  were  proportional 
in  quantity  to  it.  How  the  views  of  Volta  and  Faraday 
are  to  be  harmonised  has  been  indicated  in  the  last 
paragraph  of  Art.  72. 

Lesson  XV. —  Voltaic  Potteries, 

167.  A  good  Voltaic  Battery  should  fulfil  all  or  most 
of  the  following  conditions  : — 

1.  Its  electromotive-force  should  be  high  and  con- 

stant. 

2.  Its  internal  resistance  should  be  small. 

3.  It  should  give  a  constant  current,  and  therefore 

must  be  free  from  polarisation,  and  not  liable 
to  rapid  exhaustion,  requiring  frequent  renewal 
of  the  acid. 

4.  It  should  be  perfectly  quiescent  when  the  circuit 

is  open. 

5.  It  should  be  cheap  and  of  durable  materials. 

6.  It  should  be  manageable,  and  if  possible,  should 

not  emit  corrosive  fumes. 

1  For  the  definition  of  the  coitlomby  or  practical  unit  0/  quantity  of 
electricity,  see  Art.  323. 
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168.  No  single  battery  fulfils  all  these  conditions, 
however,  and  some  batteries  are  better  for  one  purpose 
and^^pBf^  for  another.  Thus,  for  telegraphing  through 
a  long  line  of  wire  a  considerable  internal  resistance  in 
the  battery  is  no  great  disadvantage ;  while,  for  producing 
an  electric  light,  much  internal  resistance  is  absolutely 
fatal.  The  electromotive-force  of  a  battery  depends  on 
the  materials  of  the  cell,  and  on  the  number  of  cells 
linked  together,  and  a  high  E.M.F.  can  therefore  be 
gained  by  choosing  the  right  substances  and  by  taking 
a  large  number  of  cells.  The  resistance  within  the  cell 
can  be  diminished  by  increasing  the  size  of  the  plates, 
by  bringing  them  near  together,  so  that  the  thickness 
of  the  liquid  between  them  may  be  as  small  as  possible, 
and  by  choosing  liquids  that  are  good  conductors.  Of 
the  innumerable  forms  of  battery  that  have  been  invented, 
only  those  of  first  importance  can  be  described.  Batteries 
may  be  classified  into  two  groups,  according  as  they 
contain  one  or  two  fluids,  or  electrolytes. 


Single-Fluid  Cells. 

169.  The  simple  cell  of  Volta,  with  its  zinc  and  copper  plates, 
has  been  already  described.  Cruickshank  suggested  to  place 
the  plates  vertically  in  a  trough,  producing  a  more  powerful 
combination.  Dr.  WoUaston  proposed  to  use  a  plate  of  copper 
of  double  size,  bent  round  so  as  to  approach  the  zinc  on  both 
sides,  thus  diminishing  the  resistance.  Smee,  as  we  have  seen, 
replaced  the  copper  plate  by  platinised  silver,  and  Walker 
suggested  the  use  of  plates  of  hard  carbon  instead  of  copper  or 
silver,  thereby  saving  cost,  and  at  the  same  time  increasing  the 
electromotive  -  force.  The  simple  bichromate  cell  (Fig.  72)  is 
almost  the  only  single-fluid  cell  free  from  polarisation,  and.  even 
in  this  form  the  strength  of  the  current  falls  off"  after  a  few 
minutes*  working,  owing  to  the  chemical  reduction  of  the  liquid. 
Pabst  uses  an  iron-carbon  cell  with  perchloride  of  iron  as  the 
exciting  liquid.  The  iron  dissolves  and  chlorine  is  at  first 
evolved  ;  but  without  polarisation  ;  the  liquid  regenerating  itself 
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by  absorbing  oxygen  from  the  air.  It  is  very  constant,  but  of 
low  E.M.F.  Complete  depolarisation  is  nsuilly  obtained  by 
two-Ruid  cells,  or  by  cells  in  which,  in  addition  to  the  one  fluid  . 
there  is  a  depolarising  solid  body,  such  as  oxide  of  manganese, 
oxide  of  copper,  or  peroxide  of  lead,  in  contact  with  the  carbort 
pole.  Such  cells  do  not  really  belong  to  the  class  of  single-fluid 
cells,  and  they  are  considered  in  the  next  group  in  which  there 
are  two  electrolytes. 

Two-Fluid  Cells. 

^  170.  Daniell's  Battery. — Each  cell  or  "element" 
of  Daniell's  Battery  consists  of  an  inner  and  an  outer 
cell,  divided  by  a  porous  partition 
to  keep  the  separate  liquids  in 
the  two  cells  from  mixing.     The 
outer  cell  (Fig.  73)  is  usually  of  / 
copper,   and    serves   also   as  a  ' 
copper  plate.    Within  it  is  placed 
a    cylindrical    cell    of   ungiazed 
porous  porcelain  (a  cell  of  parch- 
ment, or  even  of  brown  paper, 
will  answer),   and  in  this  is  a 
rod  of  amalgamated  iinc  for  the 
negative   pole.      The   liquid  in  p- 

the  inner  cell  is  dilute  sulphuric 

acid;  that  in  the  outer  ceil  is  a  saturated  solution  of 
sulphate  of  copper  ("  blue  vitriol "),  some  spare  crystals 
of  the  same  substance  being  contained  in  a  perforated 
shelf  at  the  top  of  the  cell,  in  order  that  tbey  may 
dissolve  and  replace  that  which  is  used  up  while  the 

When  the  circuit  is  closed  the  linc  dissolves  in-  the  dilute 
acid,  forming  sulphate  of  iinc,  and  liberating  hydrogen  gas  ;  but 
this  gas  does  not  appear  in  bubbles  on  the  surface  of  the  copper 
cell,  for,  since  the  inner  cell  is  porous,  the  molecular  actions 
(by  which  the  freed  atoms  of  hydrt^en  are,  as  explained  by 
Fig-  iSSi  handed  on  through  the  add)  traverse  the  pores  of  tlie 
inner  cell,  and  there,  in  the  solution  of  sulphate  of  copper,  the 
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hydrogen  atoms  are  exchanged  for  copper  atoms,  the  result 
being  that  pure  copper,  and  not  hydrogen  gas,  is  deposited 
on  the  outer  copper  plate.  Chemically  these  actions  may  be 
represented  as  taking  place  in  two  stages. 

Zn        +       Ha  SO4  =  Zn  SO4  +         Hj 

Zinc        and  Sulphuric  Acid   produce   Sulphate  of  Zinc   and   Hydrogen. 

And  then 

Hg       +  Cu  SO4  =  Ha  SO4        +       Cu. 

Hydrogen  and  Sulphate  of  Copper  produce  Sulphuric  Acid  and   Copper. 

The  hydrogen  is,  as  it  were,  translated  electro-chemically  into 
copper  during  the  round  of  changes,  and  so  while  the  zinc  dis- 
solves away  the  copper  grows,  the  dilute  sulphuric  acid  gradually 
changing  into  sulphate  of  zinc,  and  the  sulphate  of  copper  into 
sulphuric  acid.  There  is  therefore  no  polarisation  so  long  as 
the  copper  solution  is  saturated ;  and  the  battery  is  very 
constant,  though  not  so  constant  in  all  cases  as  Clark's  standard 
cell  described  in  Art.  177,  owing  to  slight  variations  in  the 
electromotive-force  as  the  composition  of  the  other  fluid  varies. 
When  sulphuric  acid  diluted  with  twelve  parts  of  water  is  used 
the  E.M.F.  is  i-i8i  (legal)  volte.  The  E.M.F.  is  1*047  volts 
when  concentrated  zinc  sulphate  is  used;  i'07  volte  when 
a  half-concentrated  solution  of  zinc  sulphate  is  used ;  and,  in 
the  common  cells  made  up  with  water  or  dilute  acid,  i  "028 
volte  or  less.  Owing  to  its  constancy,  this  battery,  made 
up  in  a  convenient  flat  form  (Fig,  77),  has  been  much  used 
in  telegraphy. 

171.  Grove's  Battery. — Sir  Wm.  Grove  devised  a 
form  of  battery  having  both  greater  E.M.F.  and  smaller 
internal  resistance  than  Daniell's  Cell.  In  Grove's 
element  there  is  an  outer  cell  of  glazed  ware  or  of 
^  ebonite,  containing  the  amalgamated  zinc  plate  and 
dilute  sulphuric  acid.  In  the  inner  porous  cell  a  piece 
of  platinum  foil  serves  as  the  negative  pole,  and  it  dips 
into  the  strongest  nitric  acid-  There  is  no  polarisation 
in  this  cell,  for  the  hydrogen  liberated  by  the  solution  of 
the  zinc  in  dilute  sulphuric  acid,  in  passing  through  the 
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nitric  acid  in.  order  to  appear  at  the  platinum  pole,  de- 
composes the  nitric  acid  and  is  itself  oxidized,  producing 
water  and  the  red  fumes  of  nitric  peroxide  gas.  This 
gas  does  not,  however,  produce  polarisation,  for  as  it  is 
very  soluble  in  nitric  acid  it  does  not  form  a  film  upon 
the  face  of  the  platinum  plate,  nor  does  it,  like  hydrogen, 
set  up  an  opposing  electromotive -force  with  the  zinc. 
The  Grove  cells  may  be  made  of  a  flat  shape,  the  zinc  "^^ 
being  bent  up  so  as  to  embrace  the  flat  porous  cell  on 
both  sides.  This  reduces  the  internal  resistance,  which 
is  already  small  on  account  of  the  good  conducting 
powers  of  nitric  acid.  Hence  the  Grove's  cell  will  '•  • 
furnish  for  three  or  four  hours  continuously  a  powerful 
current.     The  E.M.F.  of  one  cell  is  about  1*9  volts.     A  \i 

single  cell  will  readily  raise  to  a  bright  red  heat  two  or 
three  inches  of  thin  platinum  wire,  or   drive  a  small        vj 
electro -magnetic  engine.     For  producing  larger  effects 
a  number  of  cells  must  be  joined  up  "in  series,"  the       '   . 
platinum  of  one  cell  being  clamped  to  the  zinc  of  the 
next  to  it.     Fifly  such  cells,  each  holding  about  a  quart        ^ 
of  liquid,  amply  suffice  to  produce  an  electric  light,  as      b 
will  be  explained  in  Lesson  XXXII. 
\     172.  Bunsen's  Battery. — The  battery  which  bears 
Bunsen's  name  is  a  modification  of  that  of  Grove,  and^  ,^ 
was  indeed  originally  suggested  by  him.     In  the  Bunsen  .  .^.    I 
cell  the  expensive^  platinum  foil  is  replaced  by  a  rod  or  *;^ 
slab  of  hard  gas  carbon.     The  difficulty  of  cutting  this     W 
into  thin  slabs  causes  a  cylindrical  form  of  battery,  with 
a  rod  of  carbon,  as  shown  in  Fig.  74,  to  be  preferred  to 
the  flat  form.     The  difference  of  potentials  for  a  zinc- 
carbon  combination  is  a  little  higher  than  for  a  zinc- 
platinum  one,  which  is  an  advantage ;  but  the  Bunsen 
cell  is  troublesome  to  keep  in  order,  and  there  is  some 
difficulty  in  making  a  good  contact  between  the  rough 

1  Platinum  costs  about  30  shillings  an  ounce — nearly  half  as  much  as  gold  ; 
while  a  hundredweight  of  the  gas  carbon  may  be  had  for  a  mere  trifle,  often 
for  nothing  more  than  the  cost  of  carrying  it  from  the  gasworks. 
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surface  of  the  carbon  and  the  copper  strap  which 
connects  the  carbon  of  one  cell  to  the  zinc  of  the  next 
Fig.  75  shows  the  usual  way  of 
coupUng  up  a  series  of  five  such  . 
cells.  The  Bunsen's  battery  will 
continue  to  furnish  a  current  for 
a  longer  time  than  the  flat 
Grove's  cells,  on  account  of  the 
larger  quantity  of  acid  contained 
%  by  the  cylindrical  pots.' 
\  ^73.  Leolanohe'a  Battery  : 
Niaudet'a  Battery. — For  work- 
ing electric  bells  and  telephones, 
and  also  to  a  limited  extent  in 
telegraphy,  a  zinc-carbon  cell  is 
'^'  ''^  employed,     invented    by     Mons. 

LeclanchS,  in  which  the  exciting  liquid  is  not  dilute 
acid,  but  a  solution  of  salammoniac.  In  this  the  zinc 
dissolves,  forming  a  double  chloride  of  zinc  and  am- 
monia, while  ammonia  gas  and  hydrogen  are  liberated 


at  the  carbon  pole.     To  prevent  polarisation  the  carbon 
plate  is  packed  inside  a  porous  pot  along  with  frag- 

'  Callan  constructed  a  large  battery  in  whigh  cast-ircn  formed  ibe  poMtive 
\o  t>e  impregnated  with  a  film  of  magnetic  peroxide,  oi  of  oxygen. 
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ments  of  carbon  and  powdered  binoxide  of  manga- 
nese, a  substance  which  slowly  yields  up  oxygen  and 
destroys  the  hydrogen  bubbles.  If  used  to  give  a 
continuous  current  for  many  minutes  together,  the 
power  of  the  cell  fells  off  owing  to  the  accumulation  of 
the  hydrogen  bubbles  ;  but  if  left  to  itself  for  a  time  the 
cell  recovers  itself,  the  binoxide  gradually  destroying  the 
polarisation.  As  the  cell  is  in  other  respects  perfectly 
constant,  and  does  not  require  renewing  for  months  or 
years,  it  is  well  adapted  for  domestic  purposes.  Three 
Leclanch^  cells  are  shown  joined  in  series,  in  Fig.  76. 


Fig.  76. 

In  more  recent  forms  the  binoxide  of  manganese  is 
applied  in  a  conglomerate  attached  to  the  face  of  the 
carbon,  thus  avoiding  the  necessity  of  using  a  porous 
inner  cell 

Mons.  Niaudet  has  also  constructed  a  linc-carbon  cell  in 
which  the  nine  is  placed  in  a  solution  of  common  salt  (chloiide 
of  sodium),  and  the  carbon  is  surrounded  by  Ihe  so-called 
cMoride-of-lime  (01  bleaching- powder),  which  readily  gives  up 
chlorine  and  ox)^en,  both  of  which  substances  wilt  destroy  Ibe 
hydrogen  bubbles  and  prevent  f>olarisalion.  This  ceil  has  a 
higher  E.M.F.  and  a  less  resistance  than  the  Leclanch^.  De 
Lalande  and  Chaperon  propose  a  cell  in  which  oxide  of  copper 
is  used  as  a  solid  depolariser  in  a  solution  of  caustic  potash,  j 

174.  De  la  Rue's  Battery. — Mr.  De  la  Rue  has 
constructed  a  perfectly  constant  cell  in  which  zinc  and 


144  ELEMENTARY  LESSONS  ON      [chap.  in. 

silver  are  the  two  metals,  the  zinc  being  immersed  in 
chloride  of  zinc,  and  the  silver  embedded  in  a  stick  of 
fused  chloride  of  silver.  As  the  zinc  dissolves  away, 
metallic  silver  is  deposited  upon  the  +  pole,  just  as  the 
copper  is  in  the  DanielPs  cell.  Mr.  De  la  Rue  has  con- 
structed an  enormous  battery  of  over  ii,ooo  little  cells. 
The  difference  of  potential  between  the  first  zinc  and 
last  silver  of  this  gigantic  battery  was  over  i  i,ooo  volts, 
yet  even  so  no  spark  would  jump  from  the  +  to  the  — 
pole  until  they  were  brought  to  within  less  than  a  quarter 
of  an  inch  of  one  another.  With  8040  cells  the  length 
of  spark  was  only  0*08  of  an  inch. 

176.  Mari^  Davy's  Battery. — In  this  cell  the  zinc 
dips  into  sulphate  of  zinc,  while  a  carbon  plate  dips  into 
a  pasty  solution  of  mercurous  sulphate.  When  the  cell 
is  in  action  mercury  is  deposited  on  the  surface  of  the 
carbon,  so  that  the  cell  is  virtually  a  zinc-mercury  cell. 
It  was  largely  used  for  telegraphy  in  France  before  the 
introduction  of  the  Leclanch^  cell.  | 

176.  Gravitation  Batteries. — Instead  of  employing 
a  porous  cell  to  keep  the  two  liquids  separate,  it  is  pos- 
sible, where  one  of  the  liquids  is  heavier  than  the  other, 
to  arrange  that  the  heavier  liquid  shall  form  a  stratum 
at  the  bottom  of  the  cell,  the  lighter  floating  upon  it. 
Such  arrangements  are  called  gravitation  batteries;  but 
the  separation  is  never  perfect,  the  heavy  liquid  slowly  ' 
diffusing  upwards.  DanielPs  cells  arranged  as  gravi- 
tation batteries  have  been  contrived  by  Meidinger, 
Minotto,  Callaud,  and  Sir.  W.  Thomson.  In  Siemens' 
modification  of  Daniell's  cell  paper -pulp  is  used  to 
separate  the  two  liquids.  The  "Sawdust  Battery"  of 
Sir  W.  Thomson  is  a  DanielPs  battery,  having  the  cells 
filled  with  sawdust,  to  prevent  spilling  and  make  them 
portable. 

177.  Latimer  Clark's  Standard  OeU. — A  standard 
cell  whose  E.M.F.  is  even  more  constant  than  that  of 
the  Daniell  was   suggested  by   Latimer   Clark.     This 
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battery  is  composed  of  pure  mercury,  on  which  floats  a 
paste  of  mercurous  sulphate,  a  plate  of  zinc  resting  on 
the  paste.  Contact  with  the  mercury,  which  acts  as 
the  positive  pole,  is  made  with  a  platinum  wire.  The 
E.M.F.  is  1*436  legal  volts. 

178.  The  following  table  gives  the  electromotive-forces 
of  the  various  batteries  enumerated  : — 


Name  of  Battery,  etc. 

E.M.F.  in  Oegal)  Volts. 

Single-Fluid  Cells, 

Volta  (Wollaston,  etc.) 

1*036 — o*8l 

Smee         .         .          .         , 

0*64         ? 

Poggendorflf  (Grenet,  Trouv( 

'1 

etc.)      .         .         .         . 

2*27 — 177 

Pabst         .         .         .         . 

078 

Two-Fluid  Cells. 

Daniell  (Meidinger,  Minotto 

» 

Thomson,  etc.) 

I  '122 — I  '07 — I  '047 — I  '028 

Grove  

I  -934—1 76 

Bunsen      .         .          .         , 

1-942— 173 

Leclanche 

1*59 — 1*46 — 1-402 

Niaudet     .          .          .          , 

1-63 

Lalande  and  Chaperon 

0-66 

De  la  Rue 

I  -046 

Marie  Davy 

1*50 

Latimer  Clark  (Standard) 

I  -436 

Secondary  Batteries, 

Ritter 

2-22— 1*47 

Plants  (Faure,  Sellon,  etc.) 

2-22 — 1-96 

179.  Stren^h  of  Ourrent. — The  student  must  not 
mistake  the  figures  given  in  the  above  table  for  the 
strength  of  current  which  the  various  batteries  will 
yield;  that  depends,  as  was  said  in  Lesson  XIII.,  on 
the  internal  resistance  of  the  cells  as  well  as  on  their 
E.M.F.  The  E.M.F.  of  a  cell  is  independent  of  its 
size,  and  is  determined  solely  by  the  materials  chosen 
and  their  condition.      The  resistance  depends  on  the 

L 
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size  of  the  cell,  the  conducting  qualities  of  the  liquid, 
the  thickness  of  the  liquid  which  the  current  must 
traverse,  etc. 

The  exact  definition  of  the  strength  of  a  current  is 
as  follows  :  The  strength  of  a  current  is  the  quantity  of 
electricity  which  flows  past  any  point  of  the  circuit  in  one 
second}  Suppose  that  during  10  seconds  25  coulombs 
of  electricity  flow  through  a  circuit,  then  the  average 
strength  of  that  strong  current  during  that  time  has  been 
2\  coulombs  per  second,  or  2^  amplres.  The  usual 
strength  of  currents  used  in  telegraphing  over  main 
lines  is  only  from  five  to  ten  thousandths  of  an  amplre. 

If  in  /  seconds  a  quantity  of  electricity  Q  has  flowed 
through  the  circuit,  then  the  strength  C  of  the  current 
during  that  time  is  represented  by  the  equation : 

C  -  2 
^  -  r 

Moreover,  if  C  represents  the  strength  of  the  current, 
the  total  quantity  of  electricity  that  has  passed  through 
the  circuit  in  a  given  time,  /  is  found  by  multiplying  the 
strength  of  the  current  by  the  time ;  or 

For  the  quantity  of  electricity  that  is  thus  transferred 
will  be  proportional  to  the  strength  of  the  flow,  and  to 
"the  time  that  it  continues. 

The  laws  which  determine  the  strength  of  a  current 
in  a  circuit  were  first  enunciated  by  Dr.  G.  S*  Ohm,  who 
stated  them  in  the  following  law : 

180.  Ohm's  Law.  —  The  strength  of  the  current 
varies  directly  as  the  electromotive -force ^  and  inversely 

1  The  terms  "strong,"  "great,"  aiid  "intense,"  as  applied  to  currents, 
mean  precisely  the  same  thing.  FonAerly,  before  Ohm's  Law  was  properly 
understood,  electricians  used  to  talk  about  "quantity  currents,"  and 
''intensity  currents,"  meaning  by  the  former  term  a  current  flowing  through 
a  circuit  in  which  there  is  very  small  resistance  inside  the  battery  or  out ; 
and  by  the  latter  expression  they  designated  a  current  due  to  a  high  electro- 
motive-force. The  terms  were  convenient,  but  should  be  avoided  as  mis- 
leading. 
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tzs  the  resistance  of  Ike  circuit;  or,  in  other  words,  any- 
thing that  makes  the  E.M.F.  of  the  cell  greater  will 
1  increase  the  strength  of  the  current,  while  anything  that 
increases  the  resistance  (either  the  internal  resistance  in 
the  cells  themselves  or  the  resistance  of  the  external 
wires  of  the  circuit)  will  diminish  the  strength  of  the 
current,  (See  farther  concerning  Ohm's  Law  in  Lesson 
XXIX.) 

Now  the  internal  resistances  of  the  cells  we  have 
named  differ  very  greatly,  and  differ  with  their  size. 
Roughly  speaking  we  may  say  that  the  resistance  in  a 
Daniell's  cell  is  about  five  times  that  in  a  Grove's  cell  of 
equal  size.  The  Grove's  cell  has  therefore  both  a 
higher  E.M.F.  and  less  internal  resistance.  It  would 
in  fact  send  a  current  about  eight  times  as  strong  as 
the  Daniell's  cell  of  equal  size  through  a  short  stout 

181.  We  may  then  increase  the  strength  of  a  battery 

(i)  by  increasing  its  E.M.F. 
(z)  by  diminishing  its  internal  resistance. 
The  electromotive -force  of  a  cell  being  determined 
by  the  materials  of  which  it  is  made,  the  only  way  to 


the  total  E.M.F.  of  a  battery  of  given  materials 
the  number  of  cells  joined  in  series.      It  is 
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frequent  in  the  telegraph  service  to  link  thus  together 
two  or  three  hundred  of  the  flat  Daniell's  cells ;  and 
they  are  usually  made  up  in  trough-like  boxes,  containing 
a  series  of  lo  cells,  as  shown  in  Fig.  tt. 

To  diminish  the  internal  resistance  of  a  cell  the  follow- 
ing expedients  may  be  resorted  to  : — 

(i.)  The  plates  may  be  brought  nearer  together,  so 
that  the  current  shall  not  have  to  traverse  so  thick  a 
stratum  of  liquid. 

(2.)  The  size  of  the  plates  may  be  increased,  as  this 
affords  the  current,  as  it  were,  a  greater  number  of 
possible  paths  through  the  stratum  of  liquid. 

(3.)  The  zincs  of  several  cells  may  be  joined  together, 
to  form,  as  it  were,  one  large  zinc  plate,  the  coppers 
being  also  joined  to  form  one  large  copper  plate.  Cells 
thus  joined  are  said  to  be  united  "  in  parallel  circuit," 
or  "  for  quantity,"  to  distinguish  this  method  of  joining 
from  the  joining  in  simple  series.  Suppose  four  similar 
cells  thus  joined,  the  current  has  four  times  the  available 
number  of  paths  by  which  it  can  traverse  the  liquid 
from  zinc  to  copper ;  hence  the  internal  resistance  of  the 
whole  will  be  only  \  of  that  of  a  single  cell.  But  the 
E.M.F.  of  them  will  be  no  greater  thus  than  that  of 
one  cell. 

It  is  most  important  for  the  student  to  remember  that 
the  strength  of  the  current  is  also  affected  by  the  resist- 
ances of  the  wires  of  the  external  circuit ;  and  if  the 
external  resistance  be  already  great,  as  in  telegraphing 
through  a  long  line,  it  is  little  use  to  diminish  the  internal 
resistance  if  this  is  already  much  smaller  than  the  resist- 
ance of  the  line  wire. 

The  E.M.F.  of  the  single-fluid  cells  of  Volta  and  Smee 
is  marked  as  doubtful,  for  the  opposing  E.M.F.  of  polar- 
isation sets  in  almost  before  the  true  E.M.F.  of  the  cell 
can  be  measured.  The  different  values  assigned  to  other 
cells  are  accounted  for  by  the  different  degrees  of  con- 
centration of  the  liquids.     Thus  in  the  DanielPs  cells 
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used  in  telegraphy,  water  only  is  supplied  at  first  in  the 
cells  containing  the  zincs  ;  and  the  E.M.F.  of  these  is  less 
than  if  acid  or  sulphate  of  zinc  were  added  to  the  water. 

182. — Other  Batteries. — Numerous  other  forms  of  battery 
have  been  suggested  by  different  electricians.  There  are  three, 
of  theoretical  interest  only,  in  which  the  electromotive-force  is 
due,  not  to  differences  of  potential  at  the  contact  of  dissimilar 
metalSf  but  to  differences  of  potential  at  the  contact  of  a  metal 
or  metals  with  liquids.  The  first  of  these  was  invented  by  the 
Emperor  Napoleon  III.  Both  plates  were  of  copper,  dipping 
respectively  into  solutions  of  dilute  sulphuric  acid  and  of 
caustic  soda,  separated  by  a  porous  cell.  The  second  of  these 
combinations,  due  to  Wohler,  employs  plates  of  aluminium  only, 
dipping  respectively  into  strong  nitric  acid  and  a  solution  of 
caustic  soda.  In  the  third,  invented  by  Dr.  Fleming,  the  two 
liquids  do  not  even  touch  one  another,  being  joined  together  by 
a  second  metal.  In  this  case  the  Hquids  chosen  are  sodium 
persulphide  and  nitric  acid,  and  the  two  metals  copper  and  lead. 
A  similar  battery  might  be  made  with  copper  and  zinc,  using 
solutions  of  ordinary  sodium  sulphide,  and  dilute  sulphuric  acid 
in  alternate  cells,  a  bent  zinc  plate  dipping  into  the  first  and 
second  cells,  a  bent  copper  plate  dipping  into  second  and  third, 
and  so  on;  for  the  electromotive -force  of  a  copper -sodium 
sulphide-zinc  combination  is  in  the  reverse  direction  to  that  of  a 
copper-sulphuric  acid-zinc  combination. 

Bennett  has  lately  described  a  cheap  and  most  efficient  battery, 
in  which  the  metals  are  iron  and  zinc,  and  the  exciting  liquid  a 
strong  solution  of  caustic  soda.  Old  meat-canisters  packed  with 
iron  filings  answer  well  for  the  positive  element,  and  serve  to 
contain  the  solution.  Scrap  zinc  thrown  into  mercury  in  a 
shallow  inner  cup  of  porcelain  forms  the  negative  pole. 

Skrivanoff  has  modified  the  zinc-carbon  cell  of  Latimer  Clark, 
by  employing  a  stiff  paste  made  of  ammonio-mercuric  chloride 
and  common  salt,  thereby  rendering  the  cells  dry  and  portable. 

Jablochkoff  has  described  a  battery  in  which  plates  of  carbon 
and  iron  are  placed  in  fused  nitre ;  the  carbon  is  here  the 
electro-positive  element,  being  rapidly  consumed  in  the  Uquid. 

Plant^'s  and  Faure's  Secondary  Batteries^  and  Grove's 
Ga^  Battery^  are  described  in  Arts.  415,  416. 

The  so-called  Dry  Pile  of  Zamboni  deserves  notice. 
It  consists  of  a  number  of  paper  discs,  coated  with  zinc- 
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foil  on  one  side  and  with  binoxide  of  manganese  on  the 
other,  piled  upon  one  another,  to  the  number  of  some 
thousands,  in  a  glass  tube.  Its  internal  resistance  is 
enormous,  as  the  internal  conductor  is  the  moisture  of 
the  paper,  and  this  is  slight ;  but  its  electromotive-force 
is  very  great,  and  a  good  dry  pile  will  yield  sparks. 
Many  years  may  elapse  before  the  zinc  is  completely 
oxidised  or  the  manganese  exhausted.  In  the  Clarendon 
Laboratory  at  Oxford  there  is  a  dry  pile,  the  poles  of 
which  are  two  metal  bells :  between  them  is  hung  a 
small  brass  ball,  which,  by  oscillating  to  and  fro,  slowly 
discharges  the  electricity.  It  has  now  been  continuously 
ringing  the  bells  for  over  forty  years. 

183.  Effect  of  Heat  on  Batteries. — If  a  cell  be 
warmed  it  yields  a  stronger  current  than  when  cold. 
This  is  chiefly  due  to  the  fact  that  the  liquids  conduct 
better  when  warm,  the  internal  resistance  being  thereby 
reduced.  A  slight  change  is  also  observed  in  the  E.M.F. 
on  heating;  thus  the  E.M.F.  of  a  Daniell's  cell  is  about 
I J  per  cent  higher  when  warmed  to  the  temperature  of 
boiling  water,  while  that  of  a  bichromate  battery  falls  off 
nearly  2  per  cent  under  similar  circumstances. 


Lesson  XVI. — Magnetic  Actions  of  the  Current, 

184.  About  the  year  1802  Romagnosi,  of  Trente, 
discovered  that  a  voltaic  pile  affects  a  magnetised 
needle,  and  causes  it  to  turn  aside  from  its  usual  posi- 
tion. The  discovery,  however,  dropped  into  oblivion, 
having  never  been  published.  A  connection  of  some 
kind  between  magnetism  and  electricity  had  long  been 
^spected.  Lightning  had  been  known  to  magnetise 
knives  and  other  objects  of  steel;  but  almost  all 
attempts  to  imitate  these  effects  by  powerful  charges  of 
electricity,  or  by  sending  currents  of  electricity  through 
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steel  bars,  had  failed.  ^  The  true  connection  between 
magnetism  and  electricity  remained  to  be  discovered. 

In  1 8 19,  Oerstedt,  of  Copenhagen,  showed  that  a 
magnet  tends  to  set  itself  at  right-angles  to  a  wire  carry- 
ing an  electric  current.  He  also  found  that  the  way  in 
which  the  needle  turns,  whether  to  the  right  or  the  left 
of  its  usual  position,  depends  upon  the  position  of  the 
wire  that  carries  the  current — whether  it  is  above  or 
below  the  needle, — and  on  the  direction  in  which  the 
current  flows  through  the  wire. 

186.  Oerstedt* s  Experiment. — Very  simple  appar- 
atus suffices  to  repeat  the  fundamental  experiment.  Let 
a  magnetic  needle  be  suspended  on  a  pointed  pivot,  as 
in  Fig.  78.     Above  it,  and  parallel  to  it,  is  held  a  stout 


+ 


Fig.  78. 

copper  wire,  one  end  of  which  is  joined  to  one  polejif-a- 
battery  of  one  or  two  cells.  The^oth€r'eT-l'-of*tIie  wire 
is  then  brought  into  contact  witlithe  other  pole  of  the 
battery.  As  soon-as'the  circuit  is  completed  the  current 
flows  through  the  wire  and  the  needle  turns  briskly  aside. 
If  the  current  be  flowing  along  the  wire  abcnte  the  needle 

1  Down  to  this  point  in  these  lessons  there  has  been  no  connection  between 
magnetism  and  electricity,  though  something  has  been  said  about  each.  The 
student  who  cannot  remember  whether  a  charge  of  electricity  does  or  docs 
not  affect  a  magnet,  should  turn  back  to  what  was  said  in  Art.  9T. 
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in  the  direction  from  north  to  south,  it  will  cause  the 
N.- seeking  end  of  the  needle  to  turn  eastwards  :  if  the 
current  flows  from  south  to  north  in  the  wire  the  N.-seek- 
ing  end  of  the  needle  will  be  deflected  westwards.  If 
the  wire  is,  however,  below  the  needle,  the  motions  will 
be  reversed,  and  a  current  flowing  from  north  to  south 
will  cause  the  N. -seeking  pole  to  turn  westwards. 

186.  Ampere's  Rule. — To  keep  these  movements 
in  memory,  Ampere  suggested  the  following  fanciful  but 
useful  rule.  Suppose  a  man  swimming  in  the  wire  with 
the  current^  and  that  he  turns  so  as  to  face  the  needle^  then 
the  N. -seeking  pole  of  the  needle  will  be  deflected  towards 
his  left  hand.  In  other  words,  the  deflection  of  the 
N.-seeking  pole  of  a  magnetic  needle,  as  viewed  from 
the  conductor,  is  towards  the  left  of  the  current. 

For  certain  particular  cases  in  which  a  fixed  magnet  pole  acts 
on  a  movable  circuit,  the  following  converse  to  Amphris  Rule 
will  be  found  convenient.  Suppose  a  man  swimming  in  the 
wire  with  the  current,  and  that  he  turns  so  as  to  look  along  the 
direction  of  the  lines  of  force  of  the  pole  [i.e.  as  the  lines  of 
force  run,  from  the  pole  if  it  be  N.  -seeking,  towards  the  pole  if  it 
be  S.  -seeking),  then  he  and  the  conducting  wire  with  him  will  be 
urged  toward  his  left. 

187.  A  little  consideration  will  show  that  if  a  current 

be  carried  below  a  needle  in  one  direc- 
tion, and  then  back  in  the  opposite 
direction  above  the  needle,  by  bending 
the  wire  round,  as  in  Fig.  79,  the 
.exerted  on  the  needle  by  both 
portions  of^the  -eurrent  will  be  in  the 
same  direction.  For  let  a  be  the 
N.-seeking,  and  b  the  S. -seeking,  pole 
of  the  suspended  needle,  then  the 
Fig- 79-  tendency  of  the  current  in  the  lower 

part  of  the  wire  will  be  to  turn  the 
needle  so  that  a  comes  towards  the  observer,  while  b 
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retreats ;  while  the  current  flowing  above,  which  also 
deflects  the  N. -seeking  pole  to  its  left,  will  equally  urge 
a  towards  the  observer,  and  b  from  him.  The  needle 
will  not  stand  out  completely  at  right -angles  to  the 
direction  of  the  wire  conductor,  but  will  take  an  oblique 
position.  The  directive  forces  of  the  earth's  magnetism 
are  tending  to  make  the  needle  point  north-and-south. 
The  electric  current  is  acting  on  the  needle,  tending 
to  make  it  set  itself  west -and -east.  The  resultant 
force  will  be  in  an  oblique  direction  between  these, 
and  will  depend  upon  the  relative  strength  of  the  two 
conflicting  forces.  ,  If  the  current  is  very  strong  the 
needle  will  turn  widely  round ;  but  could  only  turn  com- 
pletely to  a  right-angle  if  the  current  were  infinitely  strong. 
I^  however,  the  current  is  feeble  in  comparison  with  the 
directive  magnetic  force,  the  needle  will  turn  very  little, 

188.  This  arrangement  will,  therefore,  serve  roughly 
as  a  GkdvaJiosoope  or  indicator  of  currents ;  for  the 
movement  of  the  needle  shows  the  direction  of  the 
current,  and  indicates  whether  it  is  a  strong  or  a  weak 
one.  This  apparatus  is  too  rough  to  detect  very  delicate 
currents.  To  obtain  a  more  sensitive  instrument  there 
are  two  possible  courses :  (/.)  Increase  the  effective 
action  of  the  current  by  carrying  the  wire  more  than 
once  round  the  needle  :  («.)  Decrease  the  opposin 
directive  force  of  the  earth's  magnetism  by  some  com- 
pensating contrivance. 

180.  Schweigfirer*s  Multiplier. — The  first  of  th 
above  suggestions  was  carried  out  by  Scly^eiggS^who 
constructed  a  multiplier  of  many:  torus'  of  wire.  A  suit- 
able frame  of  wood,  briss^or  ebonite,  is  prepared  to 
receive  the  wire,  which  must  be  "  insulated,"  or  covered 
with  silk,  or  cotton,  or  guttapercha,  to  prevent  the 
separate  turns  of  the  coil  from  coming  into  contact  with 
each  other.  Within  this  frame,  which  may  be  circular, 
elliptical,  or  more  usually  rectangular,  as  in  Fig.  80,  the 
needle  is  suspended,  the  frame  being  placed  so  that  the 
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wires  lie  in  the  magnetic  meridian.  The  greater  the 
number  of  tarns  the  more 
powerful  will  be  the  mag- 
netic deflection  produced 
by  the  passage  of  equal 
quantities  of  current.  But 
if  the  wire  is  thin,  or  the 
number  of  turns  of  wire 
numerous,  the  resistance 
thereby  offered  to  the  flow 
of  elearicity  may  very 
r  greatly  reduce  the  strength 
P-    g^  ofthecurrent.  Thestudent 

will  grasp  the  importance 
of  this  observation  when  he  has  read  the  chapter  on 
Ohm's  Law. 

loo.  Astatic  Combinationa. — The  directive  force 
exercised  by  the  earth's  magnetism  on  a  magnetic  needle 

may  be  reduced  or  obviated  by  one  of  two  methods  : 

(a.)  By  employing  a  campeasa/ing-tnagne/.  Anordinary 
long  bar  magnet  laid  in  the  magnetic  meridian,  but  with 
its  N.-seeking  pole  directed  towards  the  north,  will,  if 
placed  horizontally  above  or  below  a  suspended  magnetic 
needle,  tend  to  make  the  needle  set  itself  with  its  S.-seek- 
ing  pole  northwards.  If  near  the  needle  it  may  over- 
power the  direaive  force  of  the  earth,  and  cause  the 
needle  to  reverse  its  usual  position.  If  it  is  far  away,  all 
.^can  do  is  to  lessen  the  directive  force  of  the  earth. 
Ara'Jcnaifi.^i^stance  the  magnet  will  just  compensate 
this  force,  and  theTJesdle  will  be  neutral.  This  arrange- 
ment for  reducing  the  eartE'S-iirective  force  is  applied 
in  the  reflecting  galvanometer  shown  in  Fig.  91,  in 
which  the  magnet  at  the  top,  curved  in  form  and  capable 
of  adjustment  to  any  height,  affords  a  means  of  adjust- 
ing the  instrument  to  the  desired  degree  of  sensitiveness 
by  raising  or  lowering  it. 

(6.)  By   using  an   astatic  pair  of   magnetic   needles. 
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Fig.  81. 


If  two  magnetised  needles  of  equal  strength  and  size  are 
bound  together  by  a  light  wire  of  brass,  or  aluminium, 
in  reversed  positions,  as 
shown  in  Fig,  81,  the  force 
urging  one  to  set  itself  in 
the  magnetic  meridian  is 
exactly  counterbalanced  by 
the  force  that  acts  on  the 
other.  Consequently  tliis 
pair  of  needles  will  remain 
in  any  position  in  which  it  is 
set,  and  is  independent  of  the 
earth's  magnetism.  Such  a 
combination  is  known  as  an 
astatio  pair.  It  is,  however,  difficult  in  practice  to 
obtain  a  perfectly  astatic  pair,  since  it  is  not  easy  to 
magnetise  two  needles  exactly  to  equal  strength,  nor  is 
it  easy  to  fix  them  perfectly  parallel  to  one  another. 

Such  an  astatic  pair  is,  however, 
readily  deflected  by  a  current  flowing 
in  a  wire  coiled  around  one,  of  the 
needles ;  for,  as  shown  in  Fig.  82, 
the  current  which  flows  above  one 
needle  and  below  the  other  will  urge 
both  in  the  same  direction,  because 
they  are  already  in  reversed  positions. 
It  is  even  possible  to  go  farther,  and 
to  carry  the  wire  round  both  needles, 
winding  the  coil  around  the  upper  in 
the  opposite  sense  to  that  in  which  the  coil  is  wound 
round  the  lower  needle. 

Nobili  applied  the  astatic  arrangement  of  needles  to 
the  multiplying  coils  of  Schweigger,  and  thus  constructed 
a  very  sensitive  instrument,  the  Astatic  Galvanometer^ 
Shown  in  Fig.  88.  The  special  forms  of  galvanometer 
adapted  for  the  measurement  of  currents  are  described 
in  the  next  Lesson. 


v/^ 


Fig.  82. 
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191.  Maemetio  field  due  to  Current. — Arago 
found  that  if  a  current  be  passed  through  a  piece  of  copper 
wire  it  becomes  capable  of  attracting  iron  filings  to  it 
so  long  as  the  current  flows.  These  filings  set  them- 
selves at  right  angles  to  the  wire,  and  cling  around  it, 
but  drop  off  when  the  circuit  is  broken.  There  is,  then, 
a  magnetic  "field,"  around  the  wire  which  carries  the 
current ;  and  it  is  important  to  know  how  the  lines  of 
force  are  distributed  in  this  field. 

Let  the  central  spot  in  Fig.  83  represent  an  imaginary 
cross-section  of  the  wire,  and  let  us  suppose  the  current 
to  be  flowing  in  through  the  paper  at  that  point.  Then 
by  Ampere's  rule  a  magnet  needle  placed  below  will  tend 
to^  set  itself  in  the  position  shown,  with  its  N.  pole 
pointing  to  the  left^  The  current  will  urge  a  needle 
above  the  wire  into  the  reverse  position.  A  needle  on 
the  right  of  the  current  will  set  itself  at  right  angles  to 
the  current  (/>.  in  the  plane  of  the  paper),  and  with  its 

N.  pole  pointing  dawn^ 
^JT  ^^ — ^        while  the  N.   pole  of  a 

>       /.N     


needle  on  the  left  would 


\  «J     /  ^    (S*  ^     b«  ^^^^^  ^P'    I"  ^a^  the 

\^ /  N^  y^     tendency  would  be  to  urge 


Fig.  83.  Fig.  84. 


the    N.    pole   round   the 
conductor   in    the    same 


way  as  the  hands  of  a  watch  move ;  while  the  S.  pole 
would  be  urged  in  the  opposite  cyclic  direction  to  that  of 
the  hands  of  a  watch.  If  the  current  is  reversed,  and  is 
regarded  as  flowing  towards  the  reader,  i,e,  coming  up 
out  of  the  plane  of  the  paper,  as  in  the  diagram  of  Fig. 

1  If  the  student  has  any  difficulty  in  applying  Ampere's  rule  to  this  case  and 
the  others  which  succeed,  he  should  carefully  follow  out  the  following  mental 
operation.  Consider  the  spot  marked  "  m "  as  a  hole  in  the  ground  into 
which  the  ciurent  is  flowing,  and  into  which  he  dives  head>fbremost.  While 
La  the  hole  he  must  turn  round  so  as  to  face  each  of  the  magnets  in  succession, 
and  remember  that  in  each  case  the  N.>seeking  pole  will  be  urged  to  his  left. 
In  diagram  84  he  must  conceive  himself  as  coming  up  out  of  the  hole  in  the 
ground  where  the  current  is  flowing  out. 
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84,  then  the  motions  would  be  just  in  the  reverse  sense. 
It  would  seem  from  this  as  if  a  N. -seeking  pole  of  a 
magnet  ought  to  revolve  continuously  round  and  round  a 
current ;   but  as  we  cannot  obtain  a  magnet  with  one 
pole  only,  and   as  the  S.- seeking  pole  is  urged  in  an 
opposite  direction,  all  that  occurs  is  that  the  needle  sets 
itself  as  a  tangent  to  a  circular  curve  surrounding  the 
conductor.       This   is    what    Oerstedt   meant   when   he 
described  the  electric  current  as  acting  "  in  a  revolving 
manner,"  upon  the  magnetic  needle.     The  field  of  force 
with  its  circular  lines  surrounding 
a  current   flowing  in  a  straight 
conductor,  can  be  examined  ex- 
perimentally with  iron  filings  in 
the   following    way :    A   card    is 
placed  horizontally  and  a  stout 
copper  wire  is  passed  vertically 
through  a  hole  in  it  (Fig.  85). 
Iron  filings  are  sifted   over  the 
card  (as  described  in  Art.  108), 
and  a  strong  current  from  three 
or  four  large  cells  is   passed   through  the  wire.      On 
tapping   the  card  gently  the  filings  near  the  wire  set 
themselves  in  concentric  circles  round  it. 

192.  Equivalent  Magnetic  Shell:  Ampere's 
Theorem. — For  many  purposes  the  following  way  of* 
regarding  the  magnetic  action  of  electric  currents  is 
more  convenient  than  the  preceding.  Suppose  we  take 
a  battery  and  connect  its  terminals  by  a  circuit  of  wire, 
and  that  a  portion  of  the  circuit  be  twisted,  as  in  Fig.  86, 
into  a  looped  curve,  it  will  be  found  that  the  entire 
space  enclosed  by  the  loop  possesses  magnetic  properties. 
In  our  figure  the  current  is  supposed  to  be  flowing  round 
the  loop,  as  viewed  from  above,  in  the  same  direction  as 
the  hands  of  a  clock  move  round ;  an  imaginary  man 
swimming  round  the  circuit  and  always  facing  towards 
the  centre  would  have  his  left  side  down.     By  Ampere's 
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Fig.  85. 


158 


ELEMENTARY  LESSONS  ON      [chap.  hi. 


rule,  then,  a  N.  pole  would  be  urged  downwards  through 
the  loop,  while  a  S.  pole  would  be  urged  upwards.  In 
fact  the  space  enclosed  by  the  loop  of  the  circuit  behaves 


Fig.  86. 

like  a  magnetic  shell  (see  Art.  107),  having  its  upper  face 
of  S. -seeking  magnetism,  and  its  lower  face  of  N. -seeking 
magnetism.  It  can  be  shown  in  every  case  that  a  closed 
voltaic  circuit  is  equivalent  to  a  magnetic  shell  whose 
edges  coincide  in  position  with  the  circuity  the  shell  being 
of  such  a  strength  that  the  number  of  its  lines  of  force  is 
the  same  as  that  of  the  lines  of  force  due  to  the  current 
in  the  circuit.  The  circuit  acts  on  a  magnet  attracting 
or  repelling  it,  and  being  attracted  or  repelled  by  it,  just 
exactly  as  its  equivalent  magnetic  shell  would  do.  Also, 
the  circuit  itself,  when  placed  in  a  magnetic  field,  experi- 
ences the  same  force  as  its  equivalent  magnetic  shell 
would  do. 

193.  Maxwell's  Rule. — Professor  Clerk  Maxwell, 
who  developed  this  method  of  treating  the  subject,  has 
given  the  following  elegant  rule  for  determining  the 
mutual  action  of  a  circuit  and  a  magnet  placed  near  it. 
Every  portion  of  the  circuit  is  acted  upon  by  a  force 
urging  it  in  such  a  direction  as  to  make  it  enclose 
within  its  embrace  the  greatest  possible  number  of  lines  of 
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force.  If  the  circuit  is  fixed  and  the  magnet  movable, 
then  the  force  acting  on  the  magnet  will  also  be  such  as  to 
tend  to  make  the  number  of  lines  of  force  that  pass 
through  the  circuit  a  maximum  (see  also  Art.  317). 

1&4.  De  la  Rive'B  Floating  Battery. — The  pre- 
ceding remarks  may  be  illustrated  experimentally  by 
the  aid  of  a  little  floating  battery,  A  plate  of  zinc  and  one 
of  copper  (see  Fig.  87)  are  fixed  side  by  side  in  a  large 


Fig.  87. 

cork,  and  connected  above  by  a  coiJ  of  covered  copper  wire 
bent  into  a  ring.  This  is  floated  upon  a  dish  containing 
dilute  sulphuric  acid.  If  one  pole  of  a  bar  magnet  be 
held  towards  the  ring  it  will  be  attracted  or  repelled 
according  to  the  pole  employed.  The  floating  circuit 
will  behave  Uke  the  floating  magnet  in  Fig.  44,  except 
that  here  we  have  what  is  equivalent  to  a  floating 
magnetic  shell.  If  the  S.  pole  of  the  magnet  be  pre- 
sented to  that  fece  of  the  ring  which  acts  as  a  S.-seeking 
pole  (viz,  that  face  round  which  the  current'  is  flowing 
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in  a  clockwise  direction),  it  will  repel  it  If  the  pole  be 
thrust  right  into  the  ring,  and  then  held  still,  the  battery 
will  be  strongly  repelled,  will  draw  itself  off,  float  away, 
turn  round  so  as  to  present  toward  the  S.  pole  of  the 
magnet  its  N. -seeking  face,  will  then  be  attracted  up, 
and  will  thread  itself  on  to  the  magnet  up  to  the  middle, 
in  which  position  as  many  magnetic  lines  of  force  as 
possible  cross  the  area  of  the  ri^igi 

It  can  be  shown  also  that  two  circuits  traversed  by 
currents  attract  and  repel  one  another  just  as  two 
magnetic  shells  would  do. 

It  will  be  explained  in  Lesson  XXVI.  on  Electro- 
magnets how  a  piece  of  iron  or  steel  can  be  magnetised 
by  causing  a  current  to  flow  in  a  spiral  wire  round  it. 

195.  Strensrth  of  the  Current  in  Magrnetio 
Measure. — When  a  current  thus  acts  on  a  magnet  pole 
near  it,  the  force  /  which  it  exerts  will  be  proportional 
to  the  strength  /  of  the  current,  and  proportional  also 
to  the  strength  m  of  the  magnet  pole,  and  to  the  length 
/  of  the  wire  employed :  it  will  also  vary  inversely  as 
the  square  of  the  distance  r  from  the  circuit  to  the 

magnet  pole.  Or,  /"=  -^  dynes.  Suppose  the  wire 
looped  up  into  a  circle  round  the  magnet  pole,  then 

/=27rr,  and  /=  ~  m  dynes.      Suppose  also  that  the 

circle  is  of  one  centimetre  radius,  and  that  the  magnet 
pole  is  of  strength  of  one  unit  (see  Art.  125),  then  the 

force  exerted  by  the  current  of  strength  t  will  be  —  x  i, 

or  2^  dynes.  In  order,  therefore,  that  a  current  of 
strength  /  should  exert  a  force  of  i  dynes  on  the  unit  pole, 

one  must  consider  the  current  as  travelling  round  only  -L 

part  of  the  circle,  or  round  a  portion  of  the  circum- 
ference equal  in  length  to  the  radius. 

196.  Unit  of  Current  Strengrth. — A  current  is 
said  to  have  a  strength  of  one  "  absolute  "  unit  when  it 
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is  such  that  if  one  centimetre  length  of  the  circuit  is  bent 
into  an  arc  of  one  centimetre  radius,  the  current  in  it 
exerts  a  force  of  one  dyne  on  a  magnet-pole  of  unit 
strength  placed  at  the  centre  of  the  arc.  The  practical 
unit  of  "  one  amplre  "  is  only  A  of  this  theoretical  unit. 
{See  also  Art.  323.) 


Lesson  XVII. — Galvanotneters, 

107.  The  term  Q-alvanometer  is  applied  to  an 
instrument  for  measuring  the  strength  of  electric 
currents  by  means  of  the  defleaion  of  a  magnetic  needle, 
round  which  the  current  is  caused  to  flow  through  a  coil 
of  wire.  The  simple  arrangement  described  in  Art.  1 88 
was  termed  a  "  Galvanoscope,"  or  current  indicator,  but 
it  could  not  rightly  be  termed  a  "galvanometer''^  or 
current  measurer,  because  its  indications  were  only 
qualitative,  not  quantitative.  The  indications  of  the 
needle  did  not  afford  accurate  knowledge  as  to  the  exact 
strength  of  current  flowing  through  the  instrument.  A 
good  galvanometer  must  fulfil  the  essential  condition  that 
its  readings  shall  really  measure  the  strength  of  the 
current  in  some  certain  way.  It  should  also  be  suffici- 
ently sensitive  for  the  currents  that  are  to  be  measured 
to  affect  it.  The  galvanometer  ddapted  for  measuring 
very  small  currents  (say  a  current  of  only  one  or  two 
millionth  parts  of  an  amfih:^)  will  not  be  suitable  for 
measuring  very  strong  currents,  such  as  are  used  in  pro- 
ducing an  electric  light.  Moreover,  if  the  current  to  be 
measured  has  already  passed  through  a  circuit  of  great 
resistance  (as,  for  example,  some  miles  of  telegraph 
^]^6)>  A  galvanometer  whose  coil  is  a  short  one,  consist- 

^  The  tenns  ** Rheoscope"  and  "  Rheometer*'*  are  still  occasionally  applied 
to  these  instruments.  A  current  interrupter  is  sometimes  called  a  **Rheo- 
Umtf*  and  the  Commutator  or  Current  Reverser,  shown  in  Fig.  149,  is 
in  some  books  called  a  "  Rheotro^;  but  these  terms  are  dropping  out  of  use. 

M 
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ing  only  of  a  few  turns  of  wire,  will  be  of  no  use,  and  a 
long-coil  galvanometer  must  be  employed  with  many 
turns  of  wire  round  the  needle.  The  reason  of  this  is 
explained  hereafter  (Art.  352).  Hence  it  will  be  seen 
that  ditferent  styles  of  instrument  are  needed  for  different 
kinds  of  work ;  but  of  all  the  requisites  are  that  they 
should  afford  quantitative  measurements,  and  that  they 
should  be  sufficiently  sensitive  for  the  current  that  is  to 
be  measured. 

108.    IToblU'e     Astatic     QulTauometer.  —  The 
instrument  constructed  by  Nobili,  consisting  of  an  astatic 
pair  of  needles  delicately  hung,  so  that  the  lower  one  lay 
within  a  coil  of  wire 
wound  upon  an  ivory 
frame  (Fig.  88),  was 
for  long  the  favourite 
form    of    sensitive 
galvanometer.        The 
needles  of  this  instru- 
ment, being  indepen- 
dent   of    the    earth's 
magnetism,  take  their 
position  in  obedience 
\_  to  the  torsion  of  the 
=  fibre    by   which   they 
are  hung.    The  frame 
on  which  the  coil  is 
wound    must    be   set 
*■  carefiilly    parallel    to 

the  needles ;  and  three  screw  feet  serve  to  adjust  the 
base  of  the  instrument  level.  Protection  against  cur- 
rents of  air  is  afforded  by  a  glass  shade.  When  a 
current  is  sent  through  the  wire  coils  the  needles  move 
to  right  or  left  over  a  graduated  circle.  When  the 
deflections  are  small  {i.e.  less  than  10°  or  1  5°),  they  are 
very  nearly  proportional  to  the  strength  of  the  currents 
that    produce    them.     Thus,    if  a   current    produces   a 
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deflection  of  6°  it  is  known  to  be  approximately  three 
times  as  strong  as  a  current  which  only  turns  the  needle 
through  2**.  But  this  approximate  proportion  ceases  to 
be  true  if  the  deflection  is  more  than  1 5°  or  20** ;  for 
then  the  needle  is  not  acted  upon  so  advantageously  by 
the  current,  since  the  poles  are  no  longer  within  the  coils, 
but  are  protruding  at  the  side,  and,  moreover,  the  needle 
being  oblique  to  the  force  acting  on  it,  part  only  of  the 
force  is  turning  it  against  the  directive  force  of  the  fibre  ; 
the  oti^r  j)art  of  the  force  is  uselessly  pulling  or  pushing 
the  needle  along  its  length.  It  is,  however,  possible  to 
"  calibyat^^  the  galvanometer, — ^that  is,  to  ascertain  by 
special^nwaa^tnements,  or  by  comparison  with  a  standard 
instrument,  to  what  strengths  of  current  particular 
amounts  of  deflection  correspond.  Thus,  suppose  it  once 
known  that  a  deflection  of  32°  on  a  particular  galvano- 
meter is  produced  by  a  current  of  xir  of  an  ampere,  then 
a  current  of  that  strength  will  always  produce  on  that 
instrument  the  same  deflection,  unless  from  any  accident 
the  torsion  force  or  the  intensity  of  the  magnetic  field  is 
altered. 

100.  The  Tangent  G-alvanometer. — It  is  not— 
for  the  reasons  mentioned  above — possible  to  construct 
a  galvanometer  in  which  the  angle  (as  measured  in 
degrees  of  arc)  through  which  the  needle  is  deflected  is 
proportional  throughout  its  whole  range  to  the  strength 
of  the  current.  But  it  is  possible  to  construct  a  very 
simple  galvanometer  in  which  the  tangent  ^  of  the  angle 
of  deflection  shall  be  accurately  proportional  to  the 
strength  of  the  current.  Fig.  89  shows  a  fi-equent  form 
of  Tangent  Q-alvanometer.  The  coil  of  this  instru- 
ment consists  of  a  simple  circle  of  stout  copper  wire 
from  ten  to  fifteen  inches  in  diameter.  At  the  centre  is 
delicately  suspended  a  magnetised  steel  needle  not 
exceeding  one  inch  in  length,  and  usually  furnished  with 
a  light  index  of  aluminium.     The  instrument  is  adjusted 

1  See  note  on  Ways  of  Rqckoning  Angles,  p.  loq. 
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by  setting  the  coil  in  the  magnetic  meridian,  the  small 
needle  lying  then  in  the  plane  of  the  coil.  One  essential 
feature  of  this  arrangement  is,  that  while  the  coil  is  very 
large,  the  needle  is  relatively  very  small.     The  "  field  " 


due  to  3  current  passing  round  the  circle  is  very  uniform 
at  and  near  the  centre,  and  the  lines  of  force  are  there 
truly  norma!  to  the  plane  of  the  coil.^  This  is  not  true 
of  other  parts  of  the  space  inside  the  ring,  the  force 
being  neither  uniform  nor  normal  in  direction,  except  in 
the  plane  of  the  coil  and  at  its  centre.     The  needle  being 

I  In  order  to  ensure  uoifonniiy  of  field.  Gaugain  proposed  <o  hang  the 
needle  at  a  point  on  ihe  axis  of  the  coil  distant  fiom  its  ccnlre  by  a  distance' 
equal  to  half  th:  radius  of  the  coils.  Helnholtz's  atrangenient  of  two 
parallel  coils,  symmetrically  set  on  either  ^de  of  the  iKedle,  is  better ;  and  a 
«nK-c«7  galvanometer  having  the  central  coil  lareer  than  theolhets,  so  that 
all  three  may  lie  in  the  aurfoce  of  a  sphere  having  the  small  needle  at  its 
centre,  is  the  best  arrangement  of  all  for  ensuring  that  the  field  at  the  centre 
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small  its  poles  are  never  far  from  the  centre,  and  hence 
never  protrude  into  the  regions  where  the  magnetic  force 
is  irregular.  Whatever  magnetic  force  the  current  in 
the  coil  can  exert  on  the  needle  is  exerted  normally  to 
the  plane  of  the  ring,  and  therefore  at  right  angles  to 
the  magnetic  meridian.  Npw,  it  was  proved  in  Art.  124 
that  the  magnetic  force  which,  acting  at  right  angles  to 
the  meridian,  produces  on  a  magnetic  needle  the  de- 
flection 8  is  equal  to  the  horizontal  force  of  the  earth's  ' 
magnetism  at  that  place  multiplied  by  the  tangent  of  the 
angle  of  deflection.  Hence  a  current  flowing  in  the  coil 
will  turn  the  needle  aside  through  an  angle  such  that  the 
tangent  of  the  angle  of  deflection  is  proportional  to  the 
strength  of  the  current, 

Example. — Suppose  a  certain  battery  gave  a  deflection  of 
15*  on  a  tangent  galvanometer,  and  another  battery 
yielding  a  stronger  current  gave  a  deflection  of  30**.  The 
strengths  currents  are  not  in  the  proportion  of  15  :  30, 
but  in  the  proportion  of  tan  15"  to  tan  30°.  These 
values  must  be  obtained  from  a  Table  of  natural  tangents 
like  that  given  on  p.  ill,  from  which  it  will  be  seen 
that  the  ratio  between  the  strengths -of  the  currents  is 
•268  :  '577,  or  about  10  :  22. 

Or,  more  generally,  if  current  C  produces  deflection  5,  and 
current  C  deflection  S',  then 

C  :C'=tan  5:tan  5* 

To  obviate  reference  to  a  table  of  figures,  the  circular 
scale  of  the  instrument  is  sometimes  graduated  into 
tangent  values  instead  of  being  divided  into  equal 
degrees  of  arc.  Let  a  tangent  O  T  be  drawn  to  the 
circle,  as  in  Fig.  90,  and  along  this  line  let  any  number 
of  equal  divisions  be  set  off,  beginning  at  O.  From 
these  points  draw  back  to  the  centre.  The  circle  will 
thus  be  divided  into  a  number  of  pieces,  of  which  those 
near  O  are  nearly  equal,  but  which  get  smaller  and 
smaller  away  from  O.     These  unequal  pieces  correspond 
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to  equal  increments  of  the  tangent.  If  the  scale  wei 
divided  thus,  the  readings  would  be  proportional  t 
the  tangents.     It  is,  however,  harder  to  divide  an  ai 


into  tangent-lines  with  accuracy  than  to  divide  i 
equal  degrees  ;  hence  this  graduation,  though  ci 
is  not  used  where  great  accuracy  is  needed. 

200.  Absolute  Meaanre  of  Current  by  Tangent  Gal- 
Tanometer. — The  strength  of  a  current  may  be  determined  in 
"absolute"  units  by  the  aid  of  the  tangent  galvaoometer  if  the 
"  constants  "  of  the  instrument  are  known.  The  tangent  of  the 
angle  of  deflection  represents  {see  Art.  124)  Ihe  ratio  between 
the  magnetic  force  due  to  the  current  and  the  hoiizootal  com- 
ponent of  the  earth's  magnetic  force.  Both  these  forces  act  on 
the  needle,  and  depeod  f^uii//)' upon  the  magnetic  momeot  of  the 
needle,  which,  therefor^  we  need  not  know  for  Ibis  purpose. 
We  know  that  the  force  exerted  by  the  current  at  centre  of  the 
coil  is  proportional  to  the  horiiontal  ibrce  of  the  earth's  mag- 
netism multiplied  by  the  tangent  of.  the  angle  of  deflection. 
These  two  quantities  can  be  found  from  the  tables,  and  frxim 
them  we  calculate  the  absolute  value  of  the  current,  as  follows  :— 
Lei  r  represent  the  radius  of  the  galvanometer  coil  (measured  in 
centimetres) ;  its  total  length  (if  of  one  turn  only)  is  zirr.  The 
distance  from  the  centre  to  all  parts  of  the  coil  is  of  course  r. 
From  our  definition  of  the  unit  of  strength  of  current  (Art.  196), 
it  follows  that        <  x   -^-  =  force  (in  dynes)  at  centre. 
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The  quantity  —  is  called  the  "constant"  of  the  galvanometer. 

Hence  we  obtain  the  value  of  the  current  in  absolute  (electro- 
magnetic) units  ^  by  multiplying  together  the  galvanometer  con- 
stant, the  horizontal  magnetic  force  at  the  place,  and  the  tangent 
of  the  angle  of  deflection.  Tangent  galvanometers  are  often 
made  with  more  than  one  turn  of  wire.     In  this  case  the  "  con- 

stant "  is  where  n  is  the  number  of  turns  in  the  coil. 

200  (3m).  Axn-meter. — Professors  Ayrton  and  Perry  have  lately  desired 
some  galvanometers  for  electric-light  work,  intended  to  show  by  a  pomter 
attached  to  the  magnetic  needle  the  strength  of  the  current  in  aniph'es  (Art. 
333).  In  diese  instruments,  which  are  portable,  and  "dead-beat  in  action, 
the  needle  is  placed  between  the^  poles  of  a  powerful  permanent  magnet  to 
control  its  direction  and  make  it  independent  of  the  earth's  magnetism.  By. 
a  peculiar  shaping  of  the  pole-pieces,  needle,  and  coils,  the  angular  deflections 
are  proportional  to  the  strength  of  the  deflecting  current.  The  coils  are  in 
ten  sections,  which  can  be  grouped  either  "in  series'*  or  "in  parallel  "at 
will,  by  turning  an  appropriate  commutator,  thus  enabling  the  scale-readings 
to  be  verified  by  using  one  ordinary  celL  These  Am-meters  are  made  with 
short-coils  of  very  low  resistance  and  few  turns  of  wire.  Ayrton  and  Perry 
have  also  arranged  Voltmeters  (see  Art.  360  d),  with  long-coils  of  high  re- 
sistance, in  a  similar  way. 

201.  Sine  G-alvanometer. — The  disadvantage  of 
the  tangent  galvanometer  just  described  is  that  it  is  not 
very  sensitive,  because  the  coil  is  necessarily  very  large 
as  compared  with  the  needle,  and  therefore  far  away 
from  it.  A  galvanometer  with  a  smaller  coil  or  a  larger 
needle  could  not  be  used  as  a  tangent  galvanometer, 
though  it  would  be  more  sensitive.  Any  sensitive 
galvanometer  in  which  the  needle  is  directed  by  the 
earth's  magnetism  can,  however,  be  used  as  a  Sine 
Q-aJvanometer,  provided  the  frame  on  which  the  coils 
are  wound  is  capable  of  being  turned  round  a  central 
axis.  When  the  instrument  is  so  constructed,  the 
following  method  of  measuring  currents  is  adopted. 
The  coils  are  first  set  parallel  to  the  needle  (i,e,  in  the 
magnetic  meridian) ;  the  current  is  then  sent  through 
it,  producing  a  deflection ;  the  coil  itself  is  rotated  round 
in  the  same  sense,  and,  if  turned  round  through  a  wide 

1  The  student  will  learn  (Art  196  and  323)  that  the  practical  unit  of 
current  which  we  call  "  one  am/ire"  is  only  J,  of  one  "absolute"  unit  of  the 
centimetre-gramme-secoud  system. 
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enough  angle,  will  overtake  the  needle,  which  will  once 
more  lie  parallel  to  the  coil.  In  this  position  two  forces 
are  acting  on  the  needle :  the  directive  force  of  the 
earth's  magnetism  acting  along  the  magnetic  meridian, 
and  the  force  due  to  the  current  passing  in  the  coil, 
which  tends  to  tlmist  the  poles  of  the  needle  out  at 
right  angles  ;  jja  feet  there  is  a  "  couple  "  which  exactly 
balances  the  ** couple"  due  to  terrestrial  magnetism. 
Now  it  was  shown  in  the  Lesson  on  the  Laws  of  Mag- 
netic Force  (Art.  123),  that  when  a  needle  is  deflected 
the  "  moment "  of  the  couple  is  proportional  to  the  sine 
of  the  angle  of  deflection.  Hence  in  the  sine  galvano- 
meter, when  the  coil  has  been  turned  round  so  that  the 
needle  once  more  lies  along  it,  the  strength  of  the  current 
in  the  coil  is  proportional  to  the  sine  of  the  angle  through 
which  the  coil  has  been  turned,  ^ 

202.  The  Mirror  Q-alvaiioxneter. — When  a  gal- 
vanometer of  great  delicacy  is  needed,  the  moving  parts 
must  be  made  very  light  and  small.  To  watch  the 
movements  of  a  very  small  needle  an  index  of  some 
kind  must  be  used  ;  indeed,  in  the  tangent  galvanometer 
it  is  usual  to  fasten  to  the  short  stout  needle  a  delicate 
stiff  pointer  of  aluminium.  A  far  better  method  is  to 
fasten  to  the  needle  a  very  light  mirror  of  silvered  glass, 
by  means  of  which  a  beam  of  light  can  be  reflected  on 
to  a  scale,  so  that  every  slightest  motion  of  the  needle 
is  magnified  and  made  apparent.     The.  mirror  gcdvano- 

1  Again  the  student  who  desixes  to  compare  the  strength  of  two  currents 

will  require  the  help  of  a  Table  of  natural  sines,  like  that  given  on  page  xzi. 

Suppose  that  with  current  C  the  coils  had  to  be  turned  through  an  angle  of 

Q  degrees ;  and  that  with  a  different  current  Q!  the  coils  had  to  be  turned 

through  ff  degrees,  then 

C  :  C  =^  sin  ^  :  sin  ^. 

It  is  of  course  assumed  that  the  instrument  is  provided  with  a  scale  of 
degrees  on  which  to  read  off  the  angle  through  which  the  coils  have  been 
turned.  It  is  possible  here  also,  for  rough  purposes,  to  graduate  the  circle 
not  in  degrees  of  arc  but  in  portions  corresponding  to  equal  additional 
values  of  the  sine.  The  student  should  try  this  way  of  dividing  a  circle 
after  reading  the  note  On  Ways  of  Reckoning  Angles,  p.  109. 
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meters  devised  by  Sir.  W.  Thomson  for  signalling  through 
submarine  cables,  are  admirable  examples  of  this  class 
of  instrument.  In  Fig.  91  the  general  arrangements  of 
this  instrument  are  shown.  The  body  of  the  galvano- 
meter is  supported  on  three  screw  feet  by  which  it  can 
be  adjusted.  The  magnet  consists  of  one  or  more 
small  pieces  of  steel  watch-spring  attached  to  the  back 


of  a  light  concave  silvered  glass  mirror  about  as  large 
as  a  threepenny  piece.  This  mirror  is  hung  by  a  single 
fibre  of  cocoon  silk  within  the  coil,  and  a  curved  magnet, 
which  serves  to  counteract  the  magnetism  of  the  earth, 
or  to  direct  the  needle,  is  carried  upon  a  vertical  support 
above.  Opposite  the  galvanometer  is  placed  the  scale, 
A  beam  of  light  from  a  paraffin  lamp  passes  through 
a  narrow  aperture  under  the  scale  and  falls  on  the 
mirror,  which  reflects  it  back  on  to  the  scale.  The 
mirror  is  slightly  concave,  and  gives  a  well  defined  spot 
of  light  if  the  scale  is  adjusted  to  suit  the  focus  of  the 
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mirror.^  The  adjusting  magnet  enables  the  operator  to 
bring  the  reflected  spot  of  light  to  the  zero  point  at  the 
middle  of  the  scale.  The  feeblest  current  passing  through 
the  galvanometer  will  cause  the  spot  of  light  to  shift  to 
right  or  left.  The  tiny  current  generated  by  dipping 
into  a  drop  of  salt  water  the  tip  of  a  brass  pin  and  a 
steel  needle  (connected  by  wires  to  the  terminals  of  the 
galvanometer)  will  send  the  spot  of  light  swinging  right 
across  the  scale.  If  a  powerful  lime -light  is  used,  the 
movement  of  the  needle  can  be  shown  to  a  thousand 
persons  at  once.  For  still  more  delicate  work  an  astatic 
pair  of  needles  can  be  used,  each  being  surrounded  by 
its  coil,  and  having  the  mirror  rigidly  attached  to  one  of 
the  needles. 

Strong  currents  must  not  be  passed  through  very 
sensitive  galvanometers,  for,  even  if  they  are  not  spoiled, 
the  deflections  of  the  needle  will  be  too  large  to  give 
accurate  measurements.  In  such  cases  the  galvan- 
ometer is  used  with  a  shutU^  or  coil  of  wire  arranged  so 
that  the  greater  part  of  the  current  shall  flow  through  it. 
and  pass  the  galvanometer  by,  only  a  small  portion  of  the 
current  actually  traversing  the  coils  of  the  instrument. 
The  resistance  of  the  shunt  must  bear  a  known  ratio  to 
the  resistance  of  the  instrument,  according  to  the  prin- 
ciple laid  down  in  Art.  353  about  branched  circuits, 

203.  Differential  Q-aJvanoxneter. — For  the  pur- 
pose of  comparing  two  currents  a  galvanometer  is 
sometimes  employed,  in  which  the  coil  consists  of  two 
separate  wires  wound  side  by  side.  If  two  equal  currents 
are  sent  in  opposite  directions  through  these  wires,  the 
needle  will  not  move.  If  the  currents  are,  however, 
unequal,  then  the  needle  will  be  moved  by  the  stronger 

1  As  concave  mirrors  are  expensive,  a  plain  mirror  behind  a  lens  of 
suitable  focus  may  be  substituted.  The  thin  discs  of  glass  used  in 
mounting  objects  for  the  microscope  form,  when  silvered,  excellent  light 
mirrors.  Where  great  accuracy  is  desired  a  fine  wire  is  placed  in  the 
aperture  traversed  by  the  beam  of  light,  and  the  image  of  this  appears 
when  focused  on  the  screen  as  a  dark  line  crossing  the  spot  of  light. 
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of  them,  with  an  intensity  corresponding  to  the  difference 
Qii  the  strengths  of  the  two  currents 

204.  BaUistio  G-alvanoineter. — In  order  to  measure 
the  strength  of  currents  which  last  only  a  very  short  time, 
galvanometers  are  employed  in  which  the  needle  takes 
a  relatively  long  time  to  swing.  This  is  the  case  with 
long  or  heavy  needles ;  or  the  needles  may  be  weighted 
by  enclosing  them  in  leaden  cases.  As  the  needle  swings 
slowly  round,  it  adds  up,  as  it  were,  the  varying  impulses 
received  during  the  passage  of  a  transient  current. 
The  sine  of  half  the  angle  of  the  first  swing  is  proportional 
to  the  quantity  of  electricity  that  has  flowed  through  the 
coil.  The  charge  of  a  condenser  may  thus  be  measured 
by  discharging  it  through  a  ballistic  galvanometer. 

Lesson  XVIII. — Chemical  Actions  of  the  Current : — 

Voltameters. 

205.  In  addition  to  the  chemical  actions  inside  the 
ceUs  of  the  battery,  which  always  accompany  the  produc- 
tion of  a  current,  there  are  also  chemical  actions  produced 
outside  the  battery  when  the  current  is  caused  to  pass 
through  certain  liquids.  Liquids  may  be  divided  into 
three  classes — (i)  those  which  do  not  conduct  at  ally  such 
as  turpentine  and  many  oils,  particularly  petroleum ;  (2) 
those  which  conduct  without  decomposition^  viz.  mercury 
and  other  molten  metals,  which  conduct  just  as  solid 
metals  do  ;  (3)  those  which  are  decomposed  when  they 
conduct  a  current^  viz.  the  dilute  acids,  solutions  of 
metallic  salts,  and  certain  fused  solid  compounds. 

206.  Decomposition  of  "Water. — In  the  year  1 800 
Carlisle  and  Nicholson  discovered  that  the  voltaic  current 
could  be  passed  through  water,  and  that  in  passing  through 
it  decomposed  a  portion  of  the  liquid  into  its  constituent 
gases.  These  gases  appeared  in  bubbles  on  the  ends  of 
the  wires  which  led  the  current  into  and  out  of  the 
liquid ;  bubbles  of  oxygen  gas  appearing  at  the  point 
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where  the  current  entered  the  liquid,  and  hydrogen 
bubbles  where,  it  left  the  liquid.  It  was  soon  found  that 
a  great  many  other  liquids,  particularly  dilute  acids  and 
solutions  of  metallic  salts,  could  be  similarly  decomposed 
by  passing  a  current  through  them. 

207.  Electrolysis. — To  this  process  of  decomposing 
a  liquid  by  means  of  an  electric  current  Faraday  gave 
the  name  of  electrolysis  (/.^.  electric  analysis) ;  and 
those  substances  which  are  capable  of  being  thus  decom- 
posed or  "  electrolysed  "  he  termed  electrolytea 

The  ends  of  the  wires  leading  from  and  to  the  battery 
are  called  electrodes ;  and  to  distinguish  them,  that  by 
which  the  current  enters  is  called  the  anode,  that  by 
which  it  leaves  the  kathode.  The  vessel  in  which  a 
liquid  is  placed  for  electrolysis  is  termed  an  electrolytic  cell, 

208.  Electrolysis  of  "Water. — Returning  to  the 
decomposition  of  water,  we  may  remiark  that  perfectly 
pure  water  appears  not  to  conduct,  but  its  resistance  is 
greatly  reduced  by  the  addition  of  a  few  drops  of  sul- 
phuric or  of  hydrochloric  acid.  The  apparatus  shown  in 
Fig.  92  is  suitable  for  this  purpose.  Here  a  battery  of 
two  cells  (those  shown  are  circular  Bunsen's  batteries) 
is  seen  with  its  poles  connected  to  two  strips  of  metallic 
platinum  as  electrodes,  which  project  up  into  a  vessel  con- 
taining the  acidulated  water.  Two  tubes  closed  at  one 
end,  which  have  been  previously  filled  with  water  and 
inverted,  receive  the  gases  evolved  at  the  electrodes. 
Platinum  is  preferred  to  other  metals  such  as  copper  or 
iron  for  electrodes,  since  it  is  less  oxidisable  and  resists  * 
every  acid.  It  is  found  that  there  is  almost  exactly 
twice  as  much  hydrogen  gas  (by  volume)  evolved  at  the 
kathode  as  there  is  of  oxygen  at  the  anode.  This  fact 
corresponds  with  the  known  chemical  composition  of 
water,  which  is  produced  by  combining  together  these 
two  gases  in  the  proportion  of  two  volumes  of  the 
former  to  one  of  the  latter.  The  proportions  of  gases 
evolved,  however,  are  not  exctctly  two  to  one,  for  at  first  a 
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■  very  small  quantity  of  the  hydrogen  is  absorbed  c 
"occluded  "  by  the  platinum  surface,  while  a  more  coi 
siderable  proportion  of  the  oxygen — about  I  per  cent- 


•  Fig.  91 

is  given  off  in  the  denser  allotropic  form  of  ozone,  which 
occupies  less  space  and  is  also  slightly  soluble  in  the 
water.  When  a  sufficient  amount  of  the  gases  has  been 
evolved  and  collected  they  may  be  tested  ;  the  hydrogen 
by  showing  that  it  will  bum,  the  oxygen  by  its  causing 
a  glowing  spark  on  the  end  of  a  splinter  of  wood  to  burst 
into  flame.  If  the  two  gases  are  collected  together  in  a 
common  receiver,  the  mixed  gas  will  be  found  to  possess 
the  well  known  explosive  property  of  mixed  hydrogen 
and  oxygen  gases.  The  chemical  decomposition  is  ex- 
pressed in  the  following  equation  : 
H,0  =  H,  +  O 

WUcr  yields  i  Tals.  of  Hydroeen         and     i  vol.  of  Oxygen. 

QOQ.  Eneotrolysis  of  Sulphate  of  Copper. — We 
will  take  as  another  case  the  electrolysis  of  a  solution  of 
the  well-known  "blue  vitriol"  or  sulphate  of  copper.     If 
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a  few  crystals  of  this  substance  are  dissolved  in  water 
a  blue  liquid  is  obtained,  which  is  easily  electrolysed 
between  two  electrodes  of  platinum  foil,  by  the  current 
from  a  single  cell  of  any  ordinary  battery.  The  chemical 
formula  for  sulphate  of  copper  is  CUSO4.  The  result  of 
the  electrolysis  is  to  split  it  up  into  metallic  copper, 
which  is  deposited  in  a  film  upon  the  kathode,  and 
"  Sulphion  "  an  easily  decomposed  compound  of  sulphur 
and  bxygen,  which  is  immediately  acted  upon  by  the 
water  forming  sulphuric  acid  and  oxygen.  This  oxygen 
is  liberated  in  bubbles  at  the  anode.  The  chemical 
changes  are  thus  expressed  : 

CuSO*  =  Cu  +  SO4 

Sulphate  of  Copper         becomes         Copper         and         Sulphion; 

SO,       +      Ufi         =  H^SO,  +  O 

Sulphion      and      water        produce        Sulphuric  acid        and        Oxygen. 

In  this  way,  as  the  current  continues  to  flow,  copper  is 
continually  withdrawn  from  the  liquid  and  deposited  on 
the  kathode,  and  the  liquid  gets  more  and  more  acid.  If 
copper  electrodes  are  used,  instead  of  platinum,  no  oxygen 
is  given  off  at  the  anode,  but  the  copper  anode  itself  dis- 
solves away  into  the  liquid  at  exactly  the  same  rate  as 
the  copper  of  the  liquid  is  deposited  on  the  kathode. 

210.  Anions  and  Kathions. — ^The  atoms  which 
thus  are  severed  from  one  another  and  carried  invisibly 
by  the  current  to  the  electrodes,  and  there  deposited, 
are  obviously  of  two  classes  :  one  set  go  to  the  anode, 
the  other  to  the  kathode.  Faraday  gave  the  name  of 
ions  to  these  wandering  atoms ;  those  going  to  the 
anode  being  anions,  and  those  going  to  the  kathode 
being  kathions.  Anions  are  sometimes  regarded  as 
"  electro-negative  "  because  they  move  as  if  attracted 
toward  the  +  pole  of  the  battery,  while  the  kathions 
are  regarded  as  "  electro-positive."  Hydrogen  and  the 
metals  are  kathions,  moving  apparently  with  the  direction 
assumed  as  that  of  the  current,  and  are  deposited  where 
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the  current  leaves  the  electrolytic  cell.  The  anions  are 
oxygen,  chlorine,  etc.  When,  for  example,  chloride  of 
tin  is  electrolysed,  metallic  tin  is  deposited  on  the  kath- 
ode, and  chlorine  gas  is  evolved  at  the  anode. 

211.  Quantitative  Laws  of  Electrolysis. 

(i.)  The  amount  of  chemical  action  is  equal  at  all  points  . 
of  a  circuit.  If  two  or  more  electrolytic  cells  are  placed 
at  different  points  of  a  circuit  the  amount  of  chemical 
action  will  be  the  same  in  all,  for  the  same  quantity  of 
electricity  flows  past  every  point  of  the  circuit  in  the 
same  time.  If  all  these  cells  contain  acidulated  water, 
the  quantity,  for  example,  of  hydrogen  set  free  in  each 
will  be  the  same;  or,  if  they  contain  a  solution  of 
sulphate  of  copper,  identical  quantities  of  copper  will  be 
deposited  in  each.  /If  some  of  the  cells  contain  acidu- 
lated water,  and  others  contain  sulphate  of  copper,  the 
weights  of  hydrog^  and  of  copper  will  not  be  equals 
but  will  be  in  chemically  equivalent  quantities.  y/ 

(ii.)  The  amoum  of  an  ion  liberated  at  an  electrode 
in  a  given  time  %s  proportional  to  the  strength  of  the 
current,  A  cuj^t  of  2  amplres  will  cause  just  twice 
the  quantity  of  chemical  decomposition  to  take  place  as 
a  current  of  i  amplre  would  do  in  the  same  time. 

(iii.)  The  amount  of  an  ion  liberated  at  an  electrode 
in  one  second  is  equal  to  the  strength  of  the  current 
multiplied  by  the  ^^  electro -chemical  equivalents^  of  the 
ion.  It  has  been  found  by  experiment  that  the  passage 
of  one  coulomb  of  electricity  through  water  liberates 
•000010352  gramme  1  of  hydrogen.  Hence,  a  current 
the  strength  of  which  is  C  (amperes)  will  liberate  C  x 
•000010352  grammes  of  hydrogen  per  second.  The 
quantity  ^000010352  is  called  the  electro-chemical  equivc^ 
lent  of  hydrogen.  The  "  electro-chemical  equivalents  " 
of  other  elements  can  be  easily  calculated  if  their 
chemical  "  equivalent "  is  known.     Thus  the  chemical 

1  Lord  Rayleigh  says  '0000x0352 ;  Mascart,  •0000x04x5 ;  F.  and  W.  Kohl* 
rausch,  '0000x0354. 
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"  equivalent  "1  of  copper  is  31*5;  multiplying  this  by 
•000010352  we  get  as  the  electro-chemical  equivalent  of 
copper  the  value  -0003261  (granune). 


212.  Table  of  Electro-chemical  Equivalents,  etc. 


Electropositive — 
Hydrogen 
Potassium 
Sodium 
Gold     . 
.  Silver    . 
Copper  (Cupric)  . 
„       (Cuprose) 
Mercury  (Mercuric) 

„        (Mercurose) 
Tin  (Stannic)  . 
,,     (Stannose) 
Iron  (Ferric)   . 
„     (Penrose) 
Nickel  . 
Zinc 
Lead     . 
Electronegatvvi 
Oxygen 
Chlorine 
Iodine  . 
Bromine 
Nitrogen 


Atomic 

Val- 

Chemical 

Weight. 

ency. 

Equivalent. 

I* 

I 

I 

39-1 

1 

39-1 

23- 

I 

23- 

196-6 

3 

65-5 

io8- 

I 

loS- 

63- 

2 

31*5 

63- 

I 

63- 

200  • 

2 

lOO* 

200* 

I 

200  • 

Ilg* 

4 

29-5 

ii8- 

2 

59- 

56- 

3 

18 -6 

56- 

2 

28- 

59- 

2 

295 

65- 

2 

32-5 

207* 

2 

103-5 

i6- 

2 

8- 

35*5 

I 

35*5 

127* 

I 

I27' 

8o- 

I 

80  • 

14* 

3 

4*3 

Electro-chemical 

Equivalent 

(grammes 

per  cottiomb). 


•000010352 
•0004047 
•0002381 
•0006780 
'OOIII80 
•0003261 
•0006522 
•001035 1 
•0020702 
•0003054 
•0006108 
0*0001932 
•0002898 
•0003054 
•0003364 
•0010684 

'OOO0828 
•0003675 
•001 3 I 47 
0008282 
•0000445 


1  The  chemical  ** equivalent"  must  not  be  confounded  with  the  ^* atomic 
weights*  The  atomic  weight  of  copper  is  63,  that  is  to  say,  its  atoms  are  63 
times  as  heavy  as  atoms  of  hydrogen.  But  in  chemical  combinations  one 
atom  of  copper  replaces,  or  is  '*  worth,"  two  atoms  of  hydrogen ;  hence  the 
weight  of  copper  equivalent  to  z  of  hydrogen  is  V  ™  ^^h     ^^  all  cases  the 

atomic  weight, 
chemical  "equivalent"  is  the  quotient  valencv  — 

gives  full  statistical  information. 


The  above  Table 
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213.  The  following  equation  embodies  the  rule  for 
finding  the  weight  of  any  given  ion  disengaged  from  an 
electrolytic  solution  during  a  known  time  by  a  current 
whose  strength  is  known.  Let  C  be  the  strength  of  the 
current  (reckoned  in  aniplres\  t  the  time  (in  seconds), 
z  the  electro-chemical  equivalent,  and  w  the  weight  (in 
grammes)  of  the  element  liberated  ;  then 

w  =  zCt, 

or,  in  words,  the  weight  (in  grammes)  of  an  element 
deposited  by  electrolysis  is  found  by  multiplying  its 
electro-chemical  equivalent  by  the  strength  of  the  current 
(reckoned  in  amperes),  and  by  the  tifne  (in  seconds), 
during  which  the  current  continues  to  flow. 

Example. — ^A  current  from  five  Daniell's  cells  was  passed 
through  two  electrolytic  cells,  one  containing  a  solution 
of  silver,  the  other  acidulated  water,  for  ten  minutes. 
A  tangent  galvanometer  in  the  circuit  showed  the 
strength  of  the  current  to  be  '5  amph'es.  The  weight 
of  silver  deposited  will  be  0011180  x  '5  x  10  x  60 
~  '3354  gramme.  The  weight  of  hydrogen  evolved 
in  the  second  cell  will  be  '000010352  x  '5  x  10  x  60 
=  '0031056  gramme. 

214.  Voltametera — The  second  of  the  above  laws, 
that  the  amount  of  an  ion  liberated  in  a  given  time  is 
proportional  to  the  strength  of  the  current,  is  sometimes 
known  as  Farculays  Law,  from  its  discoverer.  Faraday 
pointed  out  that  it  affords  a  chemical  means  of  measur- 
ing the  strength  of  currents.  He  gave  the  name  of 
voltameter  to  an  electrolytic  cell  arranged  for  the 
purpose  of  measuring  the  strength  of  the  current  by 
the  amount  of  chemical  action  it  effects. 

216.  Water -Voltameter. — The  apparatus  shown 
in  Fig.  92  might  be  appropriately  termed  a  Water- 
Voltameter,  provided  the  tubes  to  collect  the  gases 
be  graduated,  so  as  to  measure  the  quantities  evolved. 

N 
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The  weight  of  each  measured  cubic  centimetre  of  hydro- 
gen (at  the  standard  temperature  of  o'  C,  and  pressure 
of  760  millims.)  is  known  to  be  '0000896  grammes. 
Hence,  if  the  number  of  cubic  centimetres  liberated 
during  a  given  time  by  a  current  of  unknown  strength 
be  ascertained,  the  strength  of  the  current  can  be  calcu- 
lated by  first  reducing  the  volume  to  weight,  and  then 
dividing  by  the  electro-chemical  equivalent,  and  by  the 
time.  Each  coulomb  of  electricity  liberates  in  its  flow 
•I  1 57  cubic  centimetres  of  hydrogen,  and  '0579  c.  c. 
of  oxygen.  If  these  gases  are  collected  together  in  a 
mixed-gas  voltameter  there  will  be  '1736  c.  c  of  the 
mixed  gases  evolved  for  every  coulomb  of  electricity 
which  passes.  To  decompose  9  grammes  of  water, 
liberating  i  gramme  of  H  and  8  grammes  of  O,  requires 
96,600  coulombs, 

216.  Copper  and  Silver  Voltameters.  —  As  mentioned 
above,  if  sulphate  of  copper  is  electrolysed  between  two  elec- 
trodes of  copper,  the  anode  is  slowly  dissolved,  and  the  kathode 
receives  an  equal  quantity  of  copper  as  a  deposit  on  its  surface. 
One  coulomb  of  electricity  will  cause  '0003261  gramme  to  be 
deposited ;  and  to  deposit  one  gramme  weight  requires  a  total 
.  quantity  of  3066  coulombs  to  flow  through  the  electrodes.  A 
current  of  one  aw/^tf  deposits  in  one  hour  1*174  grammes  of 
copper,  or  4*025  grammes  of  silver. 

By  weighing  one  of  the  electrodes  before  and  after  the  passage  of  a  current, 
the  gain  (or  loss)  will  be  proportional  to  the  quantity  of  electricity  that  has 
passed.  In  1879  Edison,  the  inventor,  proposed  to  apply  this  method  for 
measuring  the  quantity  of  electricity  supplied  to  houses  for  electric  lights  In 
them ;  a  small  copper  Voltameter  being  placed  in  a  branch  of  the  circuit 
which  supplied  the  house,  to  serve  as  a  meter.  Various  other  kinds  of 
Coulomhmeters  have  been  proposed,  having  clockwork  counters,  rolling 
integrating  discs,  and  other  mechanical  devices  to  add  up  the  total  quantity 
of  electricity  conveyed  by  the  current. 

217.  Comparison  of  Voltameters  with  Gal- 
vanometers.— It  will  be  seen  that  both  Galvanometers 
and  Voltatneters  are  intended  to  measure  the  strength  of 
currents,  one  by  magnetic,  the  other  by  chemical  means. 
Faraday  demonstrated  that  the  magnetic  and  the  chemical 
actions  of  a  current  are  proportional  to  one  another. 
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The  galvanometer  shows,  however,  the  strength  of  the 
current  at  any  moment,  and  its  variations  in  strength 
from  one  moment  to  another,  by  the  position  of  the 
needle.  In  the  Voltameter,  a  varying  current  tnay 
liberate  the  bubbles  of  gas  or  the  atoms  of  copper  rapidly 
at  one  moment,  and  slowly  the  next,  but  all  the  varying 
quantities  will  be  simply  added  together  in  the  total 
yield.  In  fact,  the  voltameter  gives  us  the  "time 
integral "  of  the  current.  It  tells  us  what  quantity  of 
electricity  has  flowed  through  it  during  the  experiment, 
rather  than  how  strong  the  current  was  at  any  one 
moment. 

218.  Ohemioal  Test  for  Weak  Ourrenta  —  A 
very  feeble  current  suffices  to  produce  a  perceptible 
amount  of  change  in  certain  chemical  substances.  If 
a  few  crystals  of  the  white  salt  iodide  of  potassium  are 
dissolved  in  water,  and  then  a  little  starch  paste  is  added, 
a  very  sensitive  electrolyte  is  obtained,  which  turns  to 
an  indigo  blue  colour  at  the  anode  when  a  very  weak 
current  passes  through  it.  The  decomposition  of  the 
salt  liberates  iodine  at  the  anode,  which,  acting  on  the 
starch,  forms  a  coloured  compound.  White  blotting- 
paper,  dipped  into  the  prepared  liquid,  and  then  laid  on 
the  kathode  and  touched  by  the  anode,  affords  a  con- 
venient way  of  examining  the  discoloration  due  to  a 
current.  A  solution  of  Ferrocyanide  of  Potassium  affords 
similarly  on  electrolysis  the  well-known  tint  of  Prussian 
Blue.  Bain  proposed  to  utilise  this  in  a  Chemical 
Writing  Telegraph,  the  short  and  long  currents  trans- 
mitted along  the  line  from  a  battery  being  thus  recorded 
in  blue  marks  on  a  strip  of  prepared  paper,  drawn  along 
by  clockwork  under  the  terminal  of  the  positive  wire. 
Faraday  showed  that  chemical  discoloration  of  paper 
moistened  with  starch  and  iodide  of  potassium  was  pro- 
duced by  the  passage  of  all  different  kinds  of  electricity — 
frictional,  voltaic,  thermo-electric,  and  magneto -electric, 
— even    by   that    evolved    by    the    Torpedo    and    the 
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Gymnotus.     In  fact,  he  relied  on  this  chemical  test  as 
one  proof  of  the  identity  of  the  different  kinds. 

219.  Internal  and  External  Actions. —  In  an 
earlier  Lesson  it  was  shown  that  the  quantity  of  chemical 
action  inside  the  cells  of  the  battery  was  proportional  to 
the  strength  of  the  current.  Hence,  Law  (i.)  of  Art.  211, 
applies  both  to  the  portion  of  the  circuit  within  the 
battery  and  to  that  without  it. 

Suppose  3  Daniell*s  cells  are  being  employed  to  decompose 
water  in  a  voltameter.  Then  while  i  gramme  weight  (11,200 
cub.  centims.)  of  hydrogen  and  8  grammes  (5,600  c.  c)  of 
oxygen  are  set  free  in  the  voltameter,  31  '5  grammes  of  copper 
will  be  deposited  in  each  cell  of  the  battery,  and  (neglecting  loss 
by  local  action),  32*5  grammes  of  zinc  will  be  dissolved  in  each 
cell. 

220.  It  will  therefore  be  evident  that  the  electrolytic 
cell  is  the  converse  of  the  voltaic  cell.  The  chemical  work 
done  in  the  voltaic  cell  furnishes  the  energy  of  the  current 
which  that  cell  sets  up  in  the  circuit.  In  the  electroljrtic 
cell  chemical  work  is  performed,  the  necessary  energy 
being  furnished  by  the  current  of  electricity  which  is 
sent  into  the  cell  from  an  independent  battery  or  other 
source. 

A  theory  of  electrolysis,  and  some  examples  of  its 
application,  are  given  in  Chapter  XXXVIII.  on  Electro- 
chemistry. 


Lesson  XIX. — Physical  and  Physiological  Effects  of 

the  Current, 

221.  Molecular  Actions. — Metal  conductors,  when 
subjected  to  the  prolonged  action  of  currents,  undergo 
slow  molecular  changes.  Wires  of  copper  and  brass 
gradually  become  brittle  under  its  influence.  During 
the  passage  of  the  current  through  metallic  wires  their 
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y  cohesion  is  temporarily  lessened,  and  there  also  appears 
to  be  a  decrease  in  their  coefficient  of  elasticity.  It  was 
thought  by  Edlund  that  a  definite  elongation  could  be 
observed  in  strained  wires  when  a  current  was  passed 
through  them ;  but  it  has  not  yet  been  satisfactorily 
shown  that  this  elongation  is  independent  of  the  elonga- 
tion due  to  the  heating  of  the  wire  owing  to  the  resistance 
it  opposes  to  the  current. 

222.  Electric  Osmose. — Porret  observed  that  if  a 
strong  current  is  led  into  certain  liquids,  as  if  to  electro- 
lyse them,  a  porous  partition  being  placed  between  the 
electrodes,  the  current  mechanically  carries-  part  of  the 
liquid  through  the  porous  diaphragm,  so  that  the  liquid 
is  forced  up  to  a  higher  level  on  one  side  than  on  the 
other.  This  phenomenon,  known  as  electric  osmose,  is 
most  manifest  when  badly  conducting  liquids,  such  as 
alcohol  and  bisulphide  of  carbon,  are  used.  The  transfer 
through  the  diaphragm  takes  place  in  the  direction  of 
the  current ;  that  is  to  say,  the  liquid  is  higher  about 
the  kathode  than  round  the  anode. 

223.  Electric  Distillation. —  Closely  connected 
with  the  preceding  phenomenon  is  that  of  the  electric 
distillation  of  liquids.  It  was  noticed  by  Beccaria  that 
an  electrified  liquid  evaporated  more  rapidly  than  one 
not  electrified.  Gemez  has  recently  shown  that  in  a 
bent  closed  tube,  containing  two  portions  of  liquid,  one 
of  which  is  made  highly  +  and  the  other  highly  — ,  the 
liquid  passes  over  from  +  to  — .  This  apparent  distilla- 
tion is  not  due  to  difference  of  temperature,  nor  does  it 
depend  on  the  extent  of  surface  exposed,  but  is  effected 
by  a  slow  creeping  of  the  liquid  along  the  interior  surface 
of  the  glass  tubes.  Bad  conductors,  such  as  turpentine, 
do  not  thus  pass  over. 

224.  Diaphragm  Ourrenta — Professor  Quincke 
discovered  that  a  current  is  set  up  in  a  liquid  when  it  is 
forced  by  pressure  through  a  poibus  diaphragm.  This 
phenomenon  may  be  regarded  as  the  converse  of  electric 
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osmose.  The  E.M.F.  of  the  current  varies  with  the 
pressure  and  with  the  nature  of  the  diaphragm.  When 
water  was  forced  at  a  pressure  of  one  atmosphere 
through  sulphur,  the  difference  of  potential  was  over  9 
volts.  With  diaphragms  of  porcelain  and  bladder  the 
differences  were  only  -35  and  'Oi  volts  respectively. 

225.  Eleotro-Oapillary  Phenomena. — If  a  hori- 
zontal glass  tube,  turned  up  at  the  ends,  be  filled  with 
dilute  acid,  and  a  single  drop  of  mercury  be  placed  at 
about  the  middle  of  the  tube,  the  passage  of  a  current 
through  the  tube  will  cause  the  drop  to  move  along 
towards  the  negative  pole.  It  is  believed  that  the 
liberation  of  very  small  quantities  of  gas  by  electrolysis  at 
the  surface  where  the  mercury  and  acid  meet  alters  the 
surface-tension  very  considerably,  and  thus  a  movement 
results  from  the  capillary  forces.  Lippmann,  Dewar, 
and  others,  have  constructed  upon  this  principle  capillary 
electrometers^  in  which  the  pressure  of  a  column  of  liquid 
is  made  to  balance  the  electro-capillary  force  exerted  at 
the  surface  of  contact  of  mercury  and  dilute  acid,  the 
electro-capillary  force  being  nearly  proportional  to  the 
electromotive-force  when  this  does  not  exceed  one  volt. 
Fig.  93  shows  the  capillary  electrometer  of  Dewar. 
A  glass  tube  rests  horizontally  between  two  glass  dishes 
in  which  holes  have  been  bored  to  receive  the  ends  of 


Fig.  93- 


the  tube.  It  is  filled  with  mercury,  and  a  single  drop 
of  dilute  acid  is  placed  in  the  tube.  Platinum  wires  to 
serve  as  electrodes  dip  into  the  mercury  iii  the  dishes. 
An  E.M.F.  of  only  ^\-^  volt  suffices  to  produce  a  measure- 
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able  displacement  of  the  drop.     The  direction  of  the 
displacement  varies  with  that  of  the  current. 

226.  Physiologioal  Actions.— Currents  of  elec- 
tricity passed  through  the  limbs  affect  the  nerves  with 
certain  painful  sensations,  and  cause  the  muscles  to 
undergo  involuntary  contractions.  The  sudden  rush  of 
even  a  small  charge  of  electricity  from  a  Leyden  jar 
charged  to  a  high  potential,  or  from  an  induction  coil 
(see  Fig.  148),  gives  a  sharp  and  painful  shock  to  the 
system.  The  current  from  a  few  strong  Grove's  cells, 
conveyed  through  the  body  by  grasping  the  terminals 
with  moistened  hands,  gives  a  very  different  kind  of 
sensation,  not  at  all  agreeable,  of  a  prickling  in  the  joints 
of  the  arms  and  shoulders,  but  not  producing  any 
spasmodic  contractions,  except  it  be  in  nervous  or 
weakly  persons,  at  the  sudden  making  or  breaking  of 
the  circuit.  The  difference  between  the  two  cases  lies 
in  the  fact  that  the  tissues  of  the  body  offer  a  very  con- 
siderable resistance,  and  that  the  difference  of  potential 
in  the  former  case  may  be  many  thousands  of  volts ; 
hence,  though  the  actual  quantity  stored  up  in  the 
Leyden  jar  is  very  small,  its  very  high  E.M.F.  enables 
it  at  once  to  overcome  the  resistance.  The  battery, 
although  it  might,  when  working  through  a  good  con- 
ductor, afford  in  one  second  a  thousand  times  as  much 
electricity,  cannot,  when  working  through  the  high  re- 
sistance of  the  body,  transmit  more  than  a  small  fraction, 
owing  to  its  limited  E.M.F. 

After  the  discovery  of  the  shock  of  the  Leyden  jar  by 
Cunaeus  in  1745  many  experiments  were  tried.  Louis 
XV.  of  France  caused  an  electric  shock  from  a  battery  of 
Leyden  jars  to  be  administered  to  700  Carthusian  monks 
joined  hand  in  hand,  with  prodigious  effect.  Franklin 
killed  a  turkey  by  a  shock  from  a  Leyden  jar. 

227.  In  1752  Sulzer  remarked  that  "if  you  join  two 
pieces  of  lead  and  silver,  and  then  lay  them  upon  the 
tongue,  you  will  notice  a  certain  tctste  resembling  that  of 
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green  vitriol,  while  each  piece  apart  produces  no  such 
sensation."  This  galvanic  taste,  not  then  suspected 
to  have  any  connection  with  electricity,  may  be  ex- 
perienced by  placing  a  silver  coin  on  the  tongue  and  a 
steel  pen  under  it,  the  edges  of  them  being  then  brought 
into  metallic  contact.  The  same  taste  is  noticed  if  the 
two  wires  from  the  poles  of  a  voltaic  cell  are  placed  in 
contact  with  the  tongue. 

228.  Ritter  discovered  that  a  feeble  current  trans- 
mitted through  the  eyeball  produces  the  sensation  as  of 
a  bright  ^ash  of  light  by  its  sudden  stimulation  of  the 
optic  nerve.  A  stronger  current  transmitted  by  means 
of  moistened  conductors  attached  to  the  battery  terminals 
gave  a  sensation  of  blue  and  green  colours  in  flowing 
between  the  forehead  and  the  hand.  Helmholtz,  re- 
peating this  experiment,  observed  only  a  wild  rush  of 
colour.  Dr.  Hunter  saw  flashes  of  light  when  a  piece 
of  metal  placed  under  the  tongue  was  touched  against 
another  which  touched  the  moist  tissues  of  the  eye. 
Volta  and  Ritter  heard  musical  sounds  when  a  current 
was  passed  through  the  ears ;  and  Humboldt  found  a 
sensation  to  be  produced  in  the  organs  of  smell  when  a 
current  was  passed  from  the  nostril  to  the  soft  palate. 
Each  of  the  specialised  senses  can  be  stimulated  into 
activity  by  the  current.  Man  possesses  no  specialised 
sense  for  the  perception  of  electrical  forces,  as  he  does 
for  light  and  for  sound ;  but  there  is  no  reason  for  denying 
the  possibility  that  some  of  the  lower  creatures  may  be 
endowed  with  a  special  electrical  sense. 

The  following  experiment  shows  the  effect  of  feeble 
currents  on  cold-blooded  creatures.  If  a  copper  (or  silver) 
coin  be  laid  on  a  piece  of  sheet  zinc,  and  a  common 
garden  snail  be  set  to  crawl  over  the  zinc,  directly 
it  comes  into  contact  with  the  copper  it  will  suddenly 
pull  in  its  horns,  and  shrink  in  its  body.  If  it  is  set  to 
crawl  over  two  copper  wires,  which  are  then  placed  in 
contact  with  a  feeble  voltaic  cell,  it  immediately  an- 


CHAP.  III.]  ELECTRICITY  AND  MAGNETISM, 


I8S 


nounces  the   establishment  of  a  current  by  a  similar 
contraction.  1 

229.  Muscular  Contractions. — In  1678  Swam- 
merdam  showed  to  the  Grand  Duke  of  Tuscany  that  when 
a  portion  of  muscle  of  a  frog's  leg  hanging  by  a  thread  of 
nerve  bound  with  silver  wire  was  held  over  a  copper 
support,  so  that  both  nerve  and  wire  touched  the  copper, 
the  muscle  immediately  contracted.     More  than  a  cen- 


Fig.  94. 

tury  later  Galvani's  attention  was  drawn  to  the  subject 
by  his  observation  of  spasmodic  contractions  in  the  legs 
of  freshly-killed  frogs  under  the  influence  of  the  "  return- 
shock  "  experienced  every  time  a  neighbouring  electric 
machine  was  discharged.  Unaware  of  Swammerdam's 
experiment,  he  discovered  in  1786  the  fact  (alluded  to  in 

1  It  will  scarcely  be  credited  that  a  certain  Jules  Alix  once  seriously  pro- 
posed a  system  of  telegraphy  based  on  this  physiological  phenomenon. 
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Art.  148  as  leading  ultimately  to  the  discovery  of  the 
Voltaic  Pile)  that  when  nerve  and  muscle  touch  two 
dissimilar  metals  in  contact  with  one  another  a  con- 
traction of  the  muscle  takes  place.  The  limbs  of  the 
frog,  prepared  as  directed  by  Galvani,  are  shown  in  Fig. 
94.  After  the  animal  has  been  killed  the  hind  limbs 
are  detached  and  skinned ;  the  crural  nerves  and  their 
attachments  to  the  lumbar  vertebrae  remaining.  For 
some  hours  after  death  the  limbs  retain  their  contractile 
power.  The  frog's  limbs  thus  prepared  form  an  ex- 
cessively delicate  galvanoscope :  with  them,  for  example, 
the  excessively  delicate  induction-currents  of  the  tele- 
phone (Lesson  XL.)  can  be  shown,  though  the  most 
sensitive  galvanometers  barely  detect  them.  Galvani 
and  Aldini  proved  that  ofher  creatures  undergo  like 
effects.  With  a  pile  of  100  pairs  Aldini  experimented 
on  newly  killed  sheep,  oxen,  and  rabbits,  and  found  them 
to  suffer  spasmodic  muscular  contractions.  Humboldt 
proved  the  same  on  fishes ;  and  Zanotti,  by  sending  a 
current  through  a  newly  killed  grasshopper,  caused  it  to 
emit  its  familiar  chirp.  Aldini,  and  later  Dr.  Ure  of 
Glasgow,  experimented  on  the  bodies  of  executed  crimi- 
nals, with  a  success  terrible  to  behold.  The  facial 
muscles  underwent  horrible  contortions,  and  the  chest 
heaved  with  the  contraction  of  the  diaphragm.  This 
has  suggested  the  emplo3m[ient  of  electric  currents  as  an 
adjunct  in  reviving  persons  who  have  been  drowned,  the 
contraction  of  the  muscles  of  the  chest  serving  to  start 
respiration  into  activity.  The  small  muscles  attached 
to  the  roots  of  the  hairs  of  the  head  appear  to  be 
be  markedly  sensitive  to  electrical  conditions  from  the 
readiness  with  which  electrification  causes  the  hair  to 
stand  on  end. 

230.  Conditions  of  Musoulax  Contraction. — To 
produce  muscular  contraction  the  current  must  traverse 
a  portion  of  the  nerve  longitudinally.  In  a  freshly  pre- 
pared frog  the  current  causes  a  contraction  only  momen- 
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tarily  when  the  circuit  is  made  or  broken.  A  rapidly 
interrupted  current  will  induce  a  second  contraction 
before  the  first  has  had  time  to  pass  off,  and  the  muscle 
may  exhibit  thus  a  continuous  contraction  resembling 
tetanus.  The  prepared  frog  after  a  short  time  becomes 
less  sensitive,  and  a  "  direct "  current  (that  is  to  say,  one 
passing  along  the  nerve  in  the  direction  from  the  brain 
to  the  muscle)  only  produces  an  effect  when  circuit  is 
made,  while  an  "inverse"  current  only  produces  an 
effect  when  the  circuit  is  broken.  Matteucci,  who 
observed  this,  also  discovered  by  experiments  on  living 
animals  that  there  is  a  distinction  between  the  con- 
ductivity of  sensory  and  motor  nerves, — a  "direct" 
current  affecting  the  motor  nerves  on  making  the 
circuit,  and  the  sensory  nerves  on  breaking  it ;  while 
an  "  inverse  "  current  produced  inverse  results.  Little 
is,  however,  yet  known  of  the  conditions  of  con- 
ductivity of  the  matter  of  the  nerves ;  they  conduct 
better  than  muscular  tissue,  cartilage,  or  bone ;  but  of 
all  substances  in  the  body  the  blood  conducts  best. 
Powerful  currents  doubtless  electrolyse  the  blood  to 
some  extent,  coagulating  it  and  the  albumin  it  contains. 
The  power  of  contracting  under  the  influence  of  the 
current  appears  to  be  a  distinguishing  property  of 
protoplasm  wherever  it  occurs.  The  amoeba,  the 
most  structureless  of  organisms,  suffers  contractions. 
Ritter  discovered  that  the  sensitive  plant  shuts  up  when 
electrified,  and  Burdon  Sanderson  has  shown  that  this 
property  extends  to  other  vegetables,  being  exhibited  by 
the  carnivorous  plant,  the  Dionaea  or  Venus'  Fly  Trap. 

231.  Animal  Electricity. — Although,  irf  his  later 
writings  at  least,  Galvani  admitted  that  the  electricity 
thus  operating  arose,  from  the  metals  employed,  lie 
insisted  on  the  existence  of  an  animal  electricity  resident 
in  the  muscular  and  nervous  structures.  He  showed 
that  contractions  could  be  produced  without  using  any 
metals  at  aH  by  merely  touching  a  nerve  at  two  different 
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points  along  its  length  with  a  morsel  of  muscle  cut  from 
a  living  frog ;  and  that  a  conductor  of  one  metal  when 
joining  a  nerve  to  a  muscle  also  sufficed  to  cause  con-^ 
traction  in  the  latter.  Galvani  and  Aldini  regarded 
these  facts  as  a  disproof  of  Volta's  contact -theory. 
Volta  regarded  them  as  proving  that  the  contact 
between  nerve  and  muscle  itself  produced  (as  in  the 
case  of  two  dissimilar  metals)  opposite  electrical  con- 
ditions. Nobili,  later,  showed  that  when  the  nerve  and 
the  muscle  of  the  frog  were  respectively  connected  by  a 
water -contact  with  the  terminals  of  a  delicate  galvan- 
ometer, a  current  is  produced  which  lasts  several  hours  : 
he  even  arranged  a  number  of  frogs'  legs  in  series, 
like  the  cells  of  a  battery,  and  thus  increased  the  current. 
Matteucci  showed  that  through  the  muscle  alone  there  is 
an  electromotive-force.  Du  Bois  Reymond  has  shown 
that  if  the  end  of  a  muscle  be  cut  across,  the  ends  of  the 
muscular  fibres  of  the  transverse  section  are  negative, 
and  the  sides  of  the  muscular  fibres  are  positive,  and 
that  this  difference  of  potential  will  produce  a  current 
even  while  the  muscle  is  at  rest.  To  demonstrate  this 
he  employed  a  fine  astatic  galvanometer  with  20,000 
turns  of  wire  in  its  coils ;  and  to  obviate  errors  arising 
from  the  contact  of  the  ends  of  the  wires  with  the  tissues 
unpolarisdble  electrodes  were  used,  made  by  plunging 
terminal  zinc  points  into  a  saturated  solution  of  sulphate 
of  zinc,  contained  in  a  fine  glass  tube,  the  end  of  which 
was  stopped  with  a  porous  plug  of  moistened  china  clay. 
The  contraction  of  muscles  also  produces  currents. 
These  Du  Bois  Reymond  obtained  from  his  own  muscles 
by  dipping  the  tips  of  his  fore -fingers  into  two  cups 
of  salt  water  communicating  with  the  galvanometer 
terminals.  A  sudden  contraction  of  the  muscles  of 
either  arm  produced  a  current  from  the  contracted 
toward  the  uncontracted  muscles.  Dewar  has  shown 
that  when  light  falls  upon  the  retina  of  the  eye  an 
electric  current  is  set  up  in  the  optic  nerve. 
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232.  Medical  Applioations. — Electric  currents 
have  been  successfully  employed  as  an  adjunct  in 
restoring  persons  rescued  from  drowning;  the  contrac- 
tion of  the  diaphragm  and  chest  muscles  serving  to  start 
respiration.  Since  the  discovery  of  the  Leyden  jar 
many  attempts  have  been  made  to  establish  an  electrical 
medical  treatment.  Discontinuous  currents,  particularly 
those  furnished  by  small  induction-coils  and  magneto- 
electric  machines,  are  employed  by  practitioners  to 
stimulate  the  nerves  in  paralysis  and  other  affections. 
Electric  currents  should  not  be  used  at  all  except  with 
great  care,  and  under  the  direction  of  regularly  trained 
surgeons.  1 

1  It  is  not  out  of  place  to  enter  an  earnest  caution  on  this  head  against  the 
numerous  quack  doctors  who  deceive  the  unwary  with  magnetic  and 
galvanic  "appliances/'  In  many  cases  these  much-advertised  shams  have 
done  incalculable  harm :  in  the  very  few  cases  where  some  fancied  good  has 
accrued  the  curative  agent  is  probably  not  magnetism,  but  flannel  1 
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5Part  SeconH^ 

CHAPTER   IV. 

Electrostatics. 

Lesson  XX. — Theory  of  Potential, 

233.  By  the  Lessons  in  Chapter  L  the  student  will 
have  obtained  some  elementary  notions  upon  the  exist- 
ence and  measurement  of  definite  quantities  of  electricity. 
In  the  present  Lesson,  which  is  both  one  of  the  hardest 
and  one  of  the  most  important  to  the  beginner,  and 
which  he  must  therefore  study  the  more  carefully,  the 
laws  which  concern  the  magnitude  of  electrical  quantities 
and  their  measurement  are  more  fully  explained.  In  no 
branch  of  knowledge  is  it  more  true  than  in  electricity, 
that  "  science  is  measurement."  That  part  of  the  science 
of  electricity  which  deals  with  the  measurement  of 
charges  of  electricity  is  called  Eleotrostatioa  We 
shall  begin  by  discussing  first  the  simple  laws  of  electric 
force,  which  were  brought  to  light  in  Chapter  I.  by 
simple  experimental  means. 

234.  First  Law  of  Eleotrostatics. — Electric 
charges  of  similar  sign  repel  one  another^  but  electric 
charges  of  opposite  signs  attract  one  another.  The  funda- 
mental facts  expressed  in  this  Law  were  fully  explained 
in  Lesson  I.  Though  familiar  to  the  student,  and 
apparently  simple,  these  facts  require  for  their  complete 
explanation  the  aid  of  advanced  mathematical  analysis. 
They  will  here  be  treated  as  simple  facts  of  observation- 


CHAP.  IV.]  ELECTRICITY  AND  MAGNETISM.  191, 

235.  Second  La^r  of  Bleotrostatios. — The  force 
exerted  between  two  charges  of  electricity  (supposing  them 
to  be  collected  at  points  or  on  two  small  spheres),  is 
directly  proportioned  to  their  product^  and  inversely 
proportioned  to  the  square  of  the  distance  between  them. 
This  law,  discovered  by  Coulomb,  and  called  Coulomb's 
Law,  was  briefly  alluded  to  (on  page  16)  in  the  account 
of  experiments  made  with  the  torsion -balance ;  and 
examples  were  there  given  in  illustration  of  both  parts  of 
the  law.  We  saw,  too,  that  a  similar  law  held  good  for 
the  forces  exerted  between  two  magnet  poles.  Coulomb 
applied  also  the  method  of  oscillations  to  verify  the 
indications  of  the  torsion-balance  and  found  the  results 
entirely  confirmed.  We  may  express  the  two  clauses  of 
Coulomb's  law,  in  the  following  symbolic  manner.  Let 
/stand  for  the  force,  q  for  the  quantity  of  electricity  in 
one  of  the  two  charges,  and  ^  for  that  of  the  other 
charge,  and  let  d  stand  for  the  distance  between  them. 
Then, 

(i.)  /is  proportional  to  ^  x  ^, 

and  (2.)  /is  proportional  to~- 

These  two  expressions  may  be  combined  into  one ; 
and  it  is  most  convenient  so  to  choose  our  units  or 
standards  of  measurement  that  we  may  write  our  symbols 
as  an  equation  : — 


/  = 


-  ^xf 


d^ 


236.  Unit  of  Electric  Quantity. — If  we  are,  how- 
ever, to  write  this  as  an  equality,  it  is  clear  that  we 
must  choose  our  unit  of  electricity  in  accordance  with 
the  units  already  fixed  for  measuring  force  and  distance. 
All  electricians  are  now  virtually  agreed  in  adopting  a 
system  which  is  based  upon  three  fundamental  units  : 
viz.,  the  Centimetre  for  a  unit  of  length;  the  Q-ramme 
for  a  unit  of  mass;  the  Second  for  a  unit  of  time.     All 
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other  units  can  be  derived  from  these,  as  is  explained 
in  the  Note  at  the  end  of  this  Lesson.  Now,  amongst 
the  derived  units  of  this  system  is  the  unit  of  force^ 
named  the  Dyne,  which  is  that  force  which,  acting  for 
one  second  on  a  mass  of  one  gramme,  imparts  to  it 
a  velocity  of  one  centimetre  per  second.  Taking  the 
dyne  then  as  the  unit  of  force,  and  the  centimetre  as 
the  unit  of  length  (or  distance),  we  must  find  a  unit  oi 
electric  quantity  to  agree  with  these  in  our  equation. 
It  is  quite  clear  that  if  ^,  ^,  and  d  were  each  made  equal 
to  I  (that  is,  if  we  took  two  charges  of  value  i  each, 
and  placed  them  one  centimetre  apart),  the  value  of 

,a      would  be ,which  is  equal  to  i.     Hence  we 

adopt,  as  our  Definition  of  a  Unit  of  Electricity^  the 
following,  which  we  briefly  gave  at  the  end  of  Lesson  IL 
One  Unit  of  Electricity  is  that  quantity  which,  when  placed 
at  a  distance  of  one  centimetre  (in  air)  from  a  similar  and 
equal  quantity,  repels  it  with  a  force  of  one  dyne. 

An  example  will  aid  the  student  to  understand  the 
application  of  Coulomb's  law. 

Example. — Two  small  spheres,  charged  respectively  with 
6  units  and  8  units  of  +  electricity,  are  placed  4 
centimetres  apart ;  find  what  force  they  exert  on  one 

another.     By  the  formula,  /=      ./  ,  we   find/  = 

6x8  A& 

—5-  =  ~  =  3  dynes.     Examples  for  the  student 
are  given  in  the  Questions  at  the  end  of  the  Book. 

The  force  in  the  above  example  would  clearly  be  a  force 
of  repulsion.  Had  one  of  these  charges  been  negative, 
the  product  q  X  ^  would  have  had  a  —  value,  and  the 
answer  would  have  come  out  as  minus  3  dynes;  The 
presence  of  the  negative  sign,  therefore,  prefixed  to  a 
force,  will  indicate  that  it  is  a  force  of  attraction,  whilst 
the  +  sign  would  signify  a  force  of  repulsion. 

237.  PotentiaL — We  must  next  define  the  term 
potential,  as   applied   to  electric  forces  ;   but  to  make 


A 
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the  meaning  plain  a  little  preliminary  explanation  is 
necessary.  Suppose  we  had  a  charge  of  +  electricity 
on  a  small  insulated  sphere  A  (See  Fig.  95),  placed  by 
itself  and  &r  removed  from  all  other  electrical  charges 
and  electrical  conductors.  If  we  were  to  bring  another 
body  B  near  it,  charged  also  with  +  electricity,  A  would 
repel  B.  But  the  repelling  force  would  depend  on  the 
quantity  of  the  new  charge,  and  on  the  distance  at  which 
it  was  placed.     Suppose  the  new  charge  thus  brought 

A  P  Q  B''  B' 

Q 0>9.». —  .Q  Q  O 

Fig.  95. 

near  to  be  one  unit  of  +  electricity ;  when  B  was  a  long 
way  off  it  would  be  repelled  with  a  very  slight  force,  and 
very  little  work  need'  be  expended  in  bringing  it  up 
nearer  against  the  repelling  forces  exerted  by  A ;  but  as 
B  was  brought  nearer  and  nearer  to  A,  the  repelling 
force  would  grow  greater  and  greater,  and  more  and 
more  work  would  have  to  be  done  against  these  oppos- 
ing forces  in  bringing  up  B.  Suppose  that  we  had 
begun  at  an  infinite  distance  away,  and  that  we  pushed 
up  our  little  test  charge  B  from  B'  to  B"  and  then  to  Q, 
and  so  finally  moved  it  up  to  the  point  P,  against  the 
opposing  forces  exerted  by  A,  we  should  have  had  to 
spend  a  certain  amount  of  work;  that  work  represents 
the  potential  at  the  point  P  due  to  A.  For  the  follow- 
ing is  the  definition  of  eleotrostatlo  potential : — The 
potential  at  any  point  is  the  work  that  must  be  spent 

1  In  its  widest  meaning  tlie  term  "potential^  must  be  understood  as 
''powe»  to  do  work."  For  if  we  have  to  do  a  certain  quantity  of  work 
against  tlie  repelling  force  of  a  charge  in  bringing  up  a  unit  of  electricity 
from  an  infinite  distance,  just  so  much  work  has  the  charge  power  to  do,  for 
it  will  spend  an  exactly  equal  amount  of  work  in  pushing  the  unit  of  electri- 
city back  to  an  infinite  distance.  If  we  lift  a  pound  five  feet  high  against 
the  force  of  gravity,  the  weight  of  the  pound  can  in  turn  do  five  foot-pounds 
of  work  in  falling  back  to  the  ground.  See  the  Lesson  on  Energy  in  Pror 
fessor  Balfour  Stewart's  Lessons  in  Elementary  Physics. 

O 
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upon  a  unit  of  positive  electricity  in  bringing  it  up  to 
that  point  from  an  infinite  distance.  Had  the  charge  on 
A  been  a  -  charge,  the  force  would  have  been  one  of 
attraction,  in  which  case  we  should  have  theoretically  to 
measure  the  potential  at  P,  either  by  the  opposite 
process  of  placing  there  a  +  unit,  and  then  removing  it 
to  an  infinite  distance  against  the  attractive  forces,  or 
else  by  measuring  the  amount  of  work  which  would  be 
done  fy  SL  +  unit  in  being  attracted  up  to  P  from  an 
infinite  distance. 

It  can  be  shown  that  where  there  are  more  electrified 
bodies  than  one  to  be  considered,  the  potential  due  to 
them  at  any  point  is  the  sum  of  the  potentials  (at  that 
point)  of  each  one  taken  separately. 

238.  It  can  also  be  shown  that  the  potential  at  a 
point  P,  near  an  electrified  particle  A,  is  equal  to  the 
quantity  of  electricity  at  A  divided  by  the  distance 
between  A  and  K     Or,  if  the  quantity  be  called  ^,  and 

the  distance   r,   the   potential  is  -^.*     If  there  are  a 

.  r 

number  of  electrified  particles  at  different  distances 
from  P,  the  separate  values  of  the  potential  -^  due  to 

each  electrified  particle  separately  can  be  found,  and 
therefore  the  potential  at  P  can  be  found  by  dividing  the 
quantity  of  each  charge  by  its  distance  from  the  point  P, 
and  then  adding  up  together  the  separate  amounts  so 
obtained.  The  symbol  V  is  generally  used  to  represent 
potential.    The  potential  at  point  P  we  will  call  Vp,  then 

Y-£a.£^^"'^  etc 

or  Vp  =  2£. 
r 

This  expression  2  ^  represents  the  work  done  on  or 

*  The  complete  proof  would  require  an  elementary  application  of  the 
integral  calculus,  but  an  easy  geometrical  demonstration,  sufficient  for 
present  purposes,  is  given  below. 
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by  a  unit  of  +  electricity  when  moved  up  to  the  given 
point  P  from  an  infinite  distance,  according  as  the 
potential  at  P  is  positive  or  negative. 

Proofl — First  determine  the  difference  of  potential  between 
point  P  and  point  Q  due  to  a  charge  of  electricity  ^  on  a  small 
sphere  at  A. 


Fig.  96. 

Call  distance  AP  =  r,  and  AQ  =  r*.  Then  PQ  = 
r'  —  r.  The  difference  of  potential  between  Q  and  P  is  the 
work  done  in  moving  a  +  unit  from  Q  to  P  against  the  force ; 
and  since 

work  =  (average)  force  x  distance  through  which  it 
is  overcome 

Vp-V,  =/(r'_r). 
The  force  at  P  exerted  by  ^  on  a  +  unit  =   -^j, 

and  the  force  at  Q  exerted  by  ^  on  a  +  unit  =  ■^. 

Suppose  now  that  the  distance  PQ  be  divided  into  any 
number  («)  of  equal  parts  rr^  r^r^  r^r^ ^n  - 1  '^ 

The  force  atr  =  -4. 

ff  >>    ^1  —   "TS  •   •    •   •    etc. 

Now  since  r^  may  be  made  as  close  to  r  as  we  choose,  if  we 
only  take  n  a  large  enough  number,  we  shall  commit  no  serious 
error  in  supposing  that  r  x  r^  is  a  fair  mean  betweeh  f^  and 
ri  ',  hence  We  may  assume  the  averagt  force  over  the  short 

length  from  r  to  r^  to  be  — , 

rr," 
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Hence  the  work  done  in  passing  from  rj  to  r  will  be 

=  ^7-7.)- 

On  a  similar  assumption,  the  work  done  in  passing  from  r^ 
to  fj,  will  be 

"=  q  \  —  -    —  )  ,  and  that  done  from  r,  to  r^  will  be 

=  q\ )>  etc.,  giving  us  n  equations,  of  which 

the  last  will  be  the  work  done  in  passing  i&om  r  to  r„_i 

Adding  up  all  these  portions  of  the  work,  the  intermediate 
values  of  r  xajicel  out,  and  we  get  for  the  work  done  in  pass- 
ing from  Q  to  P 

Next  suppose  Q  to  be  an  infinite  distance  from  A.  Here 
/  =  infinity,  and   y    =  a       In   that    case    the   equation 

becomes 

V      =   i- 
p  r 

If  instead  of  one  quantity  of  electricity  ^,  there  were  a 
number  of  electrified  particles  having  charges  ^,  ^",  j^"  .  .  .  . 

etc.,  at  distances  of  /,  r",  t'" etc.,  respectively  from 

P,  then 

Vp   =  ^7~^  — 7-  +  ~7^     + etc. 

Vp     =   S  J         which  was  to  be  proved. 

239.  Zero  Potential — At  a  place  infinitely  distant 
from  all  electrified  bodies  there  would  be  no  electric 
forces  and  the  potential  would  be  zero.  For  purposes 
of  convenience  it  is,  however,  usual  to  consider  the 
potential  of  the  earth  for  the  time  being  as  an  arbitrary 
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zero,  just  as  it  is  convenient  to  consider  "  sea-level "  as 
a  zero  from  which  to  measure  heights  or  depths. 

240.  Differenoe  of  Potentiala — Since  potential 
represents  the  work  that  must  be  done  on  a  +  unit  in 
bringing  it  up  from  an  infinite  distance,  the  difference 
of  potential  between  two  points  is  the  work  to  be  done  on 
or  by  a  ^  unit  of  electricity  in  carrying  it  from  one  point 
to  the  other.  Thus  if  Vp  represents  the  potential  at  P, 
and  Vq  the  potential  at  another  point  Q,  the  difference 
of  potentials  Vp  -  Vq  denotes  the  work  done  in  moving 
up  the  +  unit  from  Q  to  P.  It  is  to  be  noted  that  since 
this  value  depends  only  on  the  values  of  the  potential 
at  P  and  at  Q,  and  not  on  the  values  of  the  potential  at 
intermediate  points,  the  work  done  will  be  the  same, 
whatever  the  path  along  which  the  particle  moves  from 
Q  to  P.  In  the  same  way  it  is  true  that  the  expenditure 
of  energy  in  lifting  a  pound  against  the  earth's  attraction 
from  one  point,  to  another  on  a  higher  level,  will  be  the 
same  whatever  the  path  along  which  the  pound  is  lifted. 

24L  Eleotrio  Force. — The  definition  of  "  work ""  is 
the  product  of  the  force  overcome  into  the  distance 
through  which  the  force  is  overcome,  or  "work  =  foroe 
X  distance  through  which  it  is  overcome. 

Hence,  if  the  difference  of  potential  between  two 
points  is  the  work  done  in  moving  up  our  +  unit  from 
one  point  to  the  other,  it  follows  that  the  average  electric 
force  between  those  points  will  be  found  by  dividing 
the  work  so  done  by  the  distance  between  the  points : 

or    ^  "    ^  =/  (the  average  electric  force  along  the  line 

PQ).  The  (average)  electric  force  is  therefore  the  rate 
of  change  of  potential  per  unit  of  length.  If  P  and  Q 
are  near  together  the  force  will  be  practically  uniform 
between  P  and  Q. 

242.  BquipotentiaJ  Surfaces. — A  charge  of  elec- 
tricity collected  on  a  small  sphere  acts  on  external 
bodies  as  if  the  charge  were  all  collected  into  one  point 
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at  its  centre.^  We  have  seen  that  the  force  exerted  by 
such  a  charge  falls  off  at  a  distance  from  the  ball,  the 
force  becoming  less  and  less  as  the  square  of  the 
distance  increases.  But  the  force  is  the  same  in 
amount  at  all  points  equally  distant  from  the  small  charged 
sphere.  And  the  potential  is  the  same  at  all  points 
that  are  equally  distant  from  the  charged  sphere.  If,  in 
Fig.  96,  the  point  A  represents  the  sphere  charged  with 
g  units  of  electricity,  then  the  potential  at  P,  which  we 

will  call  Vp,  will  be  equal  to  -^  where  r  is  the  distance 

from  A  to  P.     But  if  we  take  any  other  point  at  the 

same  distance  from  A  its  potential  will  also  be  -?     Now 

r* 

all  the  points  that  are  the  same  distance  from  A  as 
P  is,  will  be  found  to  lie  upon  the  surface  of  a  sphere 
whose  centre  is  at  A,  and  which  is  represented  by  the 
circle  drawn  through  P,  in  Fig.  97.  All  round  this  circle 
the  potential  will  have  equal  values ;  hence  this  circle 
represents  an  equipotential  surface.  The  work  to 
be  done  in  bringing  up  a  +  unit  from  an  infinite  distance 
will  be  the  same,  no  matter  what  point  of  this  equi- 
potential surface  it  is  brought  to,  and  to  move  it  about 
from  one  point  to  another  in  the  equipotential  surface 
requires  no  ftirther  overcoming  of  the  electrical  forces, 
and  involves  therefore  no  further  expenditure  of  work. 
At  another  distance,  say  at  the  point  Q,  the  potential 
will  have  another  value,  and  through  this  point  Q 
another  equipotential  surface  may  be  drawn.  Suppose 
we  chose  Q  so  far  from  P  that  to  push  up  a  unit  of  + 
electricity  against  the  repelling  force  of  A  required  the 
expenditure  of  just  one  erg  of  work  (for  the  definition 

1  The  student  must  be  warned  that  this  ceases  to  be  true  if  other  charges 
are  brought  very  near  to  the  sphere,  for  then  the  electricity  will  no  longer 
be  distributed  uniformly  over  its  surface.  It  is  for  this  reason  that  we  have 
said,  in  describing  the  measurement  of  electrical  forces  with  the  torsion 
balance,  that  "  the  balls  must  be  very  sm^iU  >n  proportion  to  the  distances 
between  them." 
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of  one  erg  see  the  Note  on  Units  at  the  end  of  this 
lesson) ;  there  will  be  then  unit  difference  of  potential 
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Fig.  97. 

between  the  surface  drawn  through  Q  and  that  drawn 
through  P,  and  it  will  require  one  erg  of  work  to  carry 
a  +  unit  from  any  point  on  the  one  surface  to  any  point 
on  the  other.  In  like  manner  we  might  construct  a 
whole  system  of  equipotential  surfaces  about  the  point  A, 
choosing  them  at  such  distances  that  there  should  be 
unit  difference  of  potential  between  each  one  and  the 
next.  The  widths  between  them  would  get  wider  and 
wider,  for,  since  the  force  falls  off  as  you  go  further  from 
A,  you  must,  in  doing  one  erg  of  work,  bring  up  the 
+  unit  through  a  longer  distance  against  the  weaker 
opposing  force. 

The  form  of  the  equipotential  surfaces  about  two  small 
electrified  bodies  placed  near  to  one  another  would  not 
be  spherical ;  and  around  a  number  of  electrified  bodies 
placed  near  to  one  another  the  equipotential  surfaces 
would  be  highly  irregular  in  form. 

243.  Lines  of  Force. — The  electric  force,  whether 
of  attraction  or  repulsion,  always  acts  across  the  equi- 
potential surfaces  in  a  direction  normal  to  the  surface. 
The  lines  which  mark  the  direction  of  the  resultant 
electric  forces  are  sometimes  called  Lines  of  Electric 
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Induction.  In  the  case  of  the  single  electrified  sphere 
the  lines  of  force  would  be  straight  lines,  radii  of  the  sys- 
tem of  equipotential  spheres.  In  general,  however,  lines 
of  force  are  curved ;  in  this  case  the  resultant  force  at 
any  point  would  be  in  the  direction  of  the  tangent  to  the 
curve  at  that  point.  Two  lines  of  force  cannot  cut  one 
another,  for  it  is  impossible ;  the  resultant  force  at  a  point 
cannot  act  in  two  directions  at  once.  The  positive 
direction  along  a  line  of  force  is  that  direction  in  which 
a  small  body  charged  with  +  electricity  would  be  im- 
pelled by  the  electric  force,  if  free  to  move.  A  space 
bounded  by  a  number  of  lines  of  force  is  sometimes 
spoken  of  as  a  iu6e  of  force.  All  the  space,  for  example, 
round  a  small  insulated  electrified  sphere  may  be  re- 
garded as  mapped  out  into  a  number  of  conical  tubes, 
each  having  their  apex  at  the  centre  of  the  sphere.  The 
total  electric  force  exerted  across  any  section  of  a  tube 
of  force  is  constant  wherever  the  section  be  taken. 

244.  Potential -within  a  Closed  Conductor. — 
The  experiments  related  in  Arts.  29  to  32  prove  most 
convincingly  that  there  is  no  electric  force  inside  a  closed 
conductor.  Now  we  have  shown  above  that  electric 
force  is  the  rate  of  change  of  potential  per  unit  of  length. 
If  there  is  no  electric  force  there  is  no  change  of 
potential.  The  potential  within  a  closed  conductor  (for 
example  a  hollow  sphere)  is  therefore  the  same  all  over 
the  interior ;  the  same  as  the  potential  of  the  surfece. 
The  surface  of  a  closed  conductor  is  therefore  necessarily 
an  equipotential  surface.  If  it  were  not  at  one  potential 
there  would  be  a  flow  of  electricity  from  the  higher 
potential  to  the  lower,  which  would  instantaneously 
establish  equilibrium  and  reduce  the  whole  to  one 
potential.  The  power  of  an  electric  system  to  do 
work  does  not  depend  upon  the  accidental  surface- 
density  at  any  one  point.  We  know,  for  instance, 
that  when  an  electrified  body  is  placed  near  an  insulated 
conductor  the  nearer  and  farther  portions  of  that  con- 
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ductor  exhibit  induced  charges  of  opposite  kinds.  The 
explanation  of  the  paradox  is  that  in  the  space  round  the 
charged  body  the  potential  is  not  uniform.  Suppose  the 
body  to  have  a  +  charge,  the  potential  near  it  is  higher 
than  in  the  space  £uther  away.  The  end  of  the  insulated 
conductor  nearest  to  the  charge  is  in  a  region  of  high 
potential,  while  its  farther  end  is  in  a  region  of  lower 
potential  It  will,  as  a  whole,  take  a  mean  potential, 
which  will,  relatively  to  the  potential  of  the  surrounding 
medium,  appear  negative  at  the  near  end,  positive  at  the^ 
far  end.  / 

245.  Law  of  Inverse  Squarea — An   important 
consequence  follows  from  the  absence  of  electric  force 
inside  a  closed  conductor ;  this  fact  enables  us  to  de- 
monstrate the  necessary  truth  of  the  "law  of  inverse 
squares  "  which  was  first  experimentally,  though  roughly, 
proved  by  Coulomb  with  the  torsion  balance.     Suppose 
a  point  P  anywhere  inside  a  hollow  sphere  charged  with 
electricity  (Fig.  98).     The  charge  is  uniform  all  over, 
and  the  quantity  of  electricity 
on   any  small    portion  of  its 
surface   will    be    proportional 
to  the  area  of  that  portion. 
Consider   a   small  portion  of 
the  surface  AB.     The  charge 
on  AB  would  repel  a  +  unit 
placed   at   P  with  a  certain 

force.      Now  draw   the   lines       ^  y  1 

AD  and  BC  through  P,  and 
regard  these  as  mapping  out 
a   small    conical    surface    of  ^^^'  ^^• 

two  sheets,  having  its  apex  at  P ;  the  small  area  CD 
will  represent  the  end  of  the  opposed  cone,  and  the 
electricity  on  CD  will  also  act  on  the  +  unit  placed  at  P, 
and  repel  it.  Now  these  surfaces  AB  and  CD,  and  the 
charges  on  them,  will  be  directly  proportional  to  the 
squares  of  their  respective  distances  from  P.     If,  then 
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the  forces  which  they  exercise  on  P  exactly  neutralise 
one  another  (as  experiment  shows  they  do),  it  is  clear 
that  the  electric  force  must  fall  off  inversely  as  the 
squares  of  the  distances;  for  the  whole  surface  of  the 
sphere  can  be  mapped  out  similarly  by  imaginary  cones 
drawn  through  P.  The  reasoning  can  be  extended  also 
to  hollow  conductors  of  any  form. 

246.  Capacity. — In  Lesson  IV.  the  student  was 
given  some  elementary  notions  on  the  subject  of  the 
Capacity  of  conductors.  We  are  now  ready  to  give 
the  precise  definition.  The  Electrostatic  Capacity  of 
a  conductor  is  measured  by  the  quantity  of  electricity 
which  must  be  imparted  to  it  in  order  to  raise  its  potential 
from  zero  to  unity,  A  small  conductor,  such  as  an 
insulated  sphere  of  the  size  of  a  pea,  will  not  want  so 
much  as  one  unit  of  electricity  to  raise  its  potential 
from  o  to  I  ;  it  is  therefore  of  small  capacity — while 
a  large  sphere  will  require  a  large  quantity  to  raise  its 
potential  to  the  same  degree,  and  would  therefore  be 
said  to  be  of  large  capacity.  If  C  stand  for  capacity, 
and  Q  for  a  quantity  of  electricity, 

C=-^      and      CV  =  Q. 

This  is  equivalent  to  saying  in  words  that  the  quantity 
of  electricity  necessary  to  charge  a  given  conductor  to 
a  given  potential,  is  numerically  equal  to  the  product  of 
the  capacity  into  the  potential  through  which  it  is  raised. 

247.  Unit  of  Capacity. — A  conductor  that  required 
only  one  unit  of  electricity  to  raise  its  potential  from  o 
to  I,  would  be  said  to  possess  unit  capacity,  A  sphere 
one  centimetre  in  radius  possesses  unit  capacity;  for 
if  it  be  charged  with  a  quantity  of  one  unit,  this  charge 
will  act  as  if  it  were  collected  at  its  centre.  At  the 
surface,  which  is  one  centimetre  away  from  the  centre, 

the  potential,  which  is  measured  as  ^,  will  be  i.    Hence, 

as  I  unit  of  quantity  raises  it  to  unit  i  of  potential)  the 
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sphere  possesses  unit  capacity.  The  capacities  of  spheres 
are  proportional  to  their  radii.  Thus,  a  sphere  of  one 
metre  radius  has  a  capacity  of  100.  The  earth  has  a 
capacity  of  about  630  millions  (in  electrostatic  units). 
It  is  almost  impossible  to  calculate  the  capacities  of 
conductors  of  other  shapes.  It  must  be  noted  that  the 
capacity  of  a  sphere,  as  given  above,  means  its  capacity 
when  far  removed  from  other  conductors  or  charges  of 
electricity.  The  capacity  of  a  conductor  is  increased  by 
-  bringing  near  it  a  charge  of  an  opposite  kind ;  for  the 
potential  at  the  surface  of  the  conductor  is  the  sum  of 
the  potential  due  to  its  own  charge,  and  of  the  potential 
of  opposite  sign  due  to  the  neighbouring  charge.  Hence, 
to  bring  up  the  resultant  potential  to  unity,  a  larger 
quantity  of  electricity  must  be  given  to  it ;  or,  in  other 
words,  its  capacity  is  greater.  This  is  the  true  way  of 
regarding  the  action  of  Leyden  jars  and  other  accumu- 
lators, and  must  be  remembered  by  the  student  when  he 
advances  to  the  consideration  of  the  theory  of  accumu- 
lators, in  Lesson  XXII. 

248.  Surface-density.^ — Coulomb  applied  this  term 
to  denote  the  amount  of  electricity  per  unit  of  area  at  any 
point  of  a  surface.  It  was  mentioned  in  Lesson  IV.  that 
a  charge  of  electricity  was  never  distributed  uniformly 
over  ai  conductor,  except  in  the  case  of  an  insulated 
sphere.  Where  the  distribution  is  unequal,  the  density 
at  any  point  of  the  surface  may  be  expressed  by  con- 
sidering the  quantity  of  electricity  which  exists  upon  a 
small  unit  of  area  at  that  point.  If  Q  be  the  quantity 
of  electricity  on  the  small  surface,  and  S  be  the  area  of 

1  The  word  Tension  is  sometimes  used  for  that  which  is  here  precisely 
defined  as  Coulomb  defined  it.  The  term  tension  is,  however,  unfortunate  ; 
and  it  is  so  often  misapplied  in  text-books  to  mean  not  only  surface-density 
but  also  potential,  and  even  electric  force  (/.«.,  the  mechanical  force  exerted 
upon  a  material  body  by  electricity),  that  we  avoid  its  use  altogether.  The 
term  would  be  invaluable  if  we  might  adopt  it  to  denote  only  the  mechanical 
stress  across  a  dielectric,  due  to  accumulated  charges ;  but  so  long  as  the 
above  confusion  lasts,  it  is  better  to  drop  the  term  entirely,  and  the  student 
will  have  one  thing  fewer  to  learn — and  to  unlearn. 
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that  small  surface,  then  the  sur&ce  density  (denoted  by 
the  Greek  letter  p)  will  be  given  by  the  equation, 

In  dry  air,  the  limit  to  the  possible  electrification  is 
reached  when  the  density  reaches  the  value  of  about  20 
units  of  electricity  per  square  centimetre.  If  charged  to 
a  higher  degree  than  this,  the  electricity  escapes  in 
"  sparks  "  and  "  brushes  "  into  the  air.  In  the  case  of 
uniform  distribution  over  a  surface  (as  with  the  sphere, 
and  as  approximately  obtained  on  a  flat  disc  by  a  parti- 
cular device  known  as  a  guard-ring),  the  density  is  found 
by  dividing  the  whole  quantity  of  the  charge  by  the 
whole  surface. 

240  Surface-Density  on  a  Sphere. — The  surface 
of  a  sphere  whose  radius  is  r,  is  4  7rr2.  Hence,  if  a 
charge  Q  be  imparted  to  a  sphere  of  radius  r,  the  surfece- 

density  all  over  will  be  f)  =     ^  ;  or,  if  we  know  the 

surface  -  density,   the   quantity  of   the   charge   will   be 
Q  =  4^V 

The  surface-density  on  two  spheres  joined  by  a  thin 
wire  is  an  important  case.  If  the  spheres  are  unequal, 
they  will  share  the  charge  in  proportion  to  their  capacities 
(see  Art.  37),  that  is,  in  proportion  to  their  radii.  If  the 
spheres  are  of  radii  2  and  i,  the  ratio  of  their  charges 
will  also  be  as  2  to  I.  But  their  respective  densities  will 
be  found  by  dividing  the  quantities  of  electricity  on  each 
by  their  respective  surfaces.  But  the  surfaces  are  pro- 
portional to  the  squares  of  the  radii,  i,e.^  as  4  :  i ;  hence, 
the  densities  will  be  as  i  :  2,  or  inversely  as  the  radii. 
Now,  if  one  of  these  spheres  be  very  small — no  bigger 
than  a  point  —  the  density  on  it  will  be  relatively 
immensely  great,  so  great  that  the  air  particles  in  con. 
tact  with  it  will  rapidly  carry  off  the  charge  by  convection. 
This  explains  the  action  <?/■  points  in  discharging  con 
ductors,  noticed  in  Chapter  I.  Arts.  35  ^,  42  and  43. 
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250.  Blectrio  Images. — It  can  be  shown  mathe- 
matically that  if  +  ^  units  of  electricity  are  placed  at  a 
point  near  a  non-electrified  conducting  sphere  of  radius 
r,  at  a  distance  d  from  its  centre,  the  negative  induced 

charge  will  be  equal  to  —  ^^,  and  will  be  distributed  over 

the  nearest  part  of  the  surface  of  the  sphere  with  a 
surface-density  inversely  proportional  to  the  cube  of  the 
distance  from  that  point.  Sir  W.  Thomson  pointed  out 
that,  so  far  as  all  external  points  are  concerned,  the 
potential  due  to  this  peculiar  distribution  on  the  surface 
would  be  exactly  the  same  as  if  this  negative  charge  were 

all  collected  at  an  internal  point  at  a  distance  of  r  —  ^ 

y  behind  the  surface.  Such  a  point  may  be  regarded  as  a 
virtual  image  of  the  external  point,  in  the  same  way  as  in 
optics  we  regard  certain  points  behind  mirrors  as  the 
virtual  images  of  the  external  points  from  which  the  rays 

yj    proceed.     Clerk  Maxwell  has  given  the  following  deftni- 

j  tion  of  an  Electric  Ipiage  : — An  electric  image  is  an 
electrified  pointy  or  system  of  points^  on  one  side  of  a  surfcLce^ 
which  would  produce  on  the  other  side  of  that  surface  the 
same  electrical  action  which  the  actual  electrification  of 
that  surface  really  does  produce,  A  charge  of  -f-  elec- 
tricity placed  one  inch  from  a  flat  metallic  plate  induces 
on  it  a  negative  charge  distributed  over  the  neighbouring 
region  of  the  plate  (with  a  density  varying  inversely  as 
the  cube  of  the  distance  from  the  point);  but  the 
electrical  action  of  this  distribution  would  be  precisely 
represented  by  its  "  image,"  namely,  by  an  equal  quantity 
of  negative  electricity  placed  at  a  point  one  inch  behind 
the  plate.  Many  beautiful  mathematical  applications  of 
this  method  have  been  made,  enabling  the  distribution 
to  be  calculated  in  difficult  cases,  as,  for  example,  the 
distribution  of  the  charge  on  the  inner  surface  of  a  hollow 

y  bowl. 

^     261.  Electrio    Force    exerted    by  a   Charsred 


\ 
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Sphere  at  a  point  near  to  it. — It  was  shown 
above  that  the  quantity  of  electricity  Q  upon  a  sphere 
charged  until  its  surface-density  was  py  was 

Q  =  4  TTT^p. 

The  problem  is  to  find  the  force  exercised  by  this 
charge  upon  a  +  unit  of  electricity,  placed  at  a  point 
infinitely  near  the  surface  of  the  sphere.  The  charge  on 
the  sphere  acts  as  if  at  its  centre.  The  distance  between 
the  two  quantities  is  therefore  r.    By  Coulomb's  law  the 

This  important  result  may  be  stated  in  words  as 
follows : — T/ie  force  (in  dynes)  exerted  by  a  charged 
sphere  upon  a  unit  of  electricity  placed  infinitely  near  to 
its  surface,  is  numerically  equal  to  4ir  times  the  surface- 
density  of  the  charge, 

252.  Electric  Force  exerted  by  a  charsred 
plate  of  indefinite  extent  on  a  point  near  it. — 
Suppose  a  plate  of  indefinite  extent  to  be  charged  so  that 
it  has  a  surface-density  /a.  This  surface-density  will  be 
uniform,  for  the  edges  of  the  plate  are  supposed  to  be 
so  far  off  as  to  exercise  no  influence.  It  can  be  shown 
that  the  force  exerted  by  such  a  plate  upon  a  +  unit  any- 
where near  it,  will  be  expressed  (in  dynes)  numerically 
as  2irp,  This  will  be  of  opposite  signs  on  opposite  sides 
of  the  plate,  being  +  27rp  on  one  side,  and  -  27r/>  on  the 
other  side,  since  in  one  case  the  force  tends  to  move  the 
unit  firom  right  to  left,  in  the  other  from  left  to  right. 
It  is  to  be  observed,  therefore,  that  the  force  changes  its 
value  by  the  amount  of  47r/>  as  the  point  passes  through 
the  surface.  The  same  was  true  of  the  charged  sphere, 
where  the  force  outside  was  4Trp,  and  inside  was  zero. 
The  same  is  true  of  all  charged  surfaces.  These  two 
propositions  are  of  the  utmost  importance  in  the  theory 
of  Electrostatics. 

263.  The  elementary  geometrical  proof  of  the  latter  theorem 
ts  as  follows  : — 
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Required  the  Electric  Force  at  point  at  any  distance  from  a 
plane  of  infinite  extent  charged  to  surface-deiisity  o^J 

Let  P  be  the  point, 

and  PX  or  a  the  normal 

to  the  plane.    Take  any 

small  cone   having    its 

apex   at    P.      Let   the 

solid-angle  of  this  cone 

be'w;  let  its  length  be 

r\  and  0  the  angle  its 

axis  makes  with  a.    The  . 

cone  meets   the  surface^ 

of  the  plane  obliquely, 

and    if    an    orthogonal 

section  be  made  where  ^'S-  99- 

it  meets  the  plane,  the 

angle  between  these  sections  will  be  =  ^. 

,.,          f.j        1        •    1.    J  /»  V           orthogonal  area  of  section 
Now  solid-angle  w  is  by  definition  = 2 


Hence,    area   of  oblique   section  =  ^w  x 


charge 


on    oblique    section  = ^ 

^  cos  d 


cos  B 


Hence  if  a  +  unit  of  electricity  were   placed  at  P,  the  force 

exerted  on  this  by  this  small  charge  = -^  x  i  -j-  ^ 

'  cos  ^ 


or  = 


cos  0 


Resolve  this  force  into  two  parts,  one  acting  along  the  plane, 
the  other  along  a,  normal  to  the  plane.    The  normal  component 

along  a  is  cos  B  x  — ^  =  wp 
^  cos  ^         '^ 

But  the  whole  surface  of  the  plane  may  be  similarly  mapped 

out  into  small  surfaces,  all  forming  small  cones,  with  their  summits 

at  P.    If  we  take  an  infinite  number  of  such  small  cones  meeting 

every  part,  and  resolve  their  forces  in  a  similar  way,  we  shall 

find  that  the  components  along  the  plane  will  neutralise  one 

another  all  round,  while  the  normal  components,  or  the  resolved 

forces  along  a,  will  be  equal  to  the  sum  of  all  their  solid-angles 

multiplied  by  the  surface-density  ;  or 

Total  resultant  force  along  a  =  Sw/o. 
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But  the  total  solid-angle  subtended  by  an  infinite  plane  at  a 
point  is  27r,  for  it  subtends  a  whole  hemisphere. 

.  • .  Total  resultant  force  =  2ir/). 

NOTE  ON  FUNDAMENTAL  AND  DERIVED   UNITS. 

254.  Fundamental  Units. — All  physical  quantities,  such  as 
force,  velocity,  etc.,  can  be  expressed  in  terms  of  the  three 
fundamental  quantities  :  length,  mass,  and  Hnu,  Each  of  these 
quantities  must  be  measured  in  terms  of  its  own  units. 

The  system  of  units,  adopted  by  almost  universal  consent, 
and  used  throughout  these  Lessons,  is  the  so-called  "Centi- 
metre-Gramme-Second" system,  in  which  the  fundamental 
units  are : — 

The  Centimetre  as  a  unit  of  length  ; 

The  Gramme  as  a  unit  of  mass  ; 

The  Second  as  a  unit  of  time. 

The  Centimetre  is  equal  to  0*3937  ii^ch  in  length,  and  no- 
minally represents  one  thousand-millionth  part,  or  i,ooo.oVoTo"o6 
of  a  quadrant  of  the  earth. 

The  Metre  is  lOO  centimetres,  or  39*37  inches. 
The  Kilometre  is  1 000  metres,  or  about  1093 '6  )rards. 
The  Millimetre  is  the  tenth  part  of  a  centimetre,  or  0*03937 
inch. 

The  Gramme  is  equal  to  15*432  grains,  and  represents  the 
mass  of  a  cubic  centimetre  of  water  at  4°  C  :  the  Kilogramme  is 
1000  grammes,  or  2*2  pounds. 

265.  Derived  Units. — 

Area, — ^The  unit  of  area  is  the  square  centimetre. 

Volume, — The  unit  of  volume  is  the  cubic  centimetre* 

Velocity. — The  unit  of  velocity  is  the  velocity  of  a  body 
which  moves  through  unit  distance  in  imit  time,  or  the 
velocity  of  one  centimetre  per  second. 

Acceleration, — The  unit  of  acceleration  is  that  acceleration 
which  imparts  unit  velocity  to  a  body  in  unit  time,  or 
an  acceleration  of  one  centimetre-per-second  per  second. 
The  acceleration  due  to  gravity  imparts  in  one  second 
a  velocity  considerably  greater  than  thisj  for  the  velocity 
it  imparts  to  falling  bodies  is  about  981  centimetres  per 
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second  (or  about  32*2  feet  per  second).  The  value  differs 
slightly  in  different  latitudes.  At  Bristol  the  value  of 
the  acceleration  of  gravity  is  ^  =  981  *i ;  at  the  Equator 
g  =  978*1 ;  at  the  North  Pole  ^=  983 'i. 

Force, — The  unit  of  force  is  that  force  which,  acting  for  one 
second  on  a  mass  of  one  gramme,  gives  to  ic  a  velocity 
of  one  centimetre  per  second.  It  is  called  one  Dyne, 
The  force  with  which  the  earth  attracts  any  mass  is 
usually  called  the  "weight"  of  that  mass,  and  its  value 
obviously  differs  at  different  points  of  the  earth*s  surface. 
The  force  with  which  a  body  gravitates,  i,e,  its  weight 
(in  dynes),  is  found  by  multiplying  its  mass  (in  grammes) 
by  the  value  of  ^at  the  particular  place  where  the  force 
is  exerted. 

Work, — The  unit  of  work  is  the  work  done  in  overcoming 
unit  force  through  unit  distance,  i,e,  in  pushing  a  body 
through  a  distance  of  one  centimetre  against  a  force  of 
one  dyne.  It  is  called  one  Erg,  Since  the  "  weight " 
of  one  gramme  is  i  x  981  or  981  dynes,  the  work  of 
raising  one  gramme  through  the  height  of  one  centimetre 
against  the  force  of  gravity  is  981  ergs. 

Energy,— The.  unit  of  energy  is  also  the  erg;  for  the  energy 
of  a  body  is  measured  by  the  work  it  can  do. 

Heat, — ^The  unit  of  heat  (sometimes  called  a  calorie)  is  the 
amount  of  heat  required  to  warm  one  gramme  mass  of 
water  from  o*  to  1°  (C) ;  and  the  d)aiamical  equivalent 
of  this  amow^t  of  heat  is  42  million  ergs,  which  is  the 
value  of  Joule's  equivalent,  as  expressed  in  absolute 
(C.G.S.)  measure.     (See  also  Art.  367.) 

These  units  are  sometimes  called  "absolute"  imits ;  the  term  absolute^ 
introduced  by  Gauss,  meaning  that  they  are  independent  of  the  size  of  any 
particular  instrument,  or  of  the  value  of  gravity  at  any  particular  place,  or  of 
any  other  arbitrary  quantities  than  the  three  standards  of  length,  mass,  and 
time.  It  is,  however,  preferable  to  refer  to  them  by  the  more  appropriate 
name  of  "  CG.S.  units,"  as  being  derived  from  the  centimetre,  the  gramme, 
and  the  second. 

256.  Electrical  Units. — There  are  two  systems  of  electrical 
units  derived  from  the  fundamental  "C.G.S."  units,  one  set 
being  based  upon  the  force  exerted  between  two  quantities  of 
electricity,  and  the  other  upon  the  force  exerted  between  two 
magnet  poles.  The  former  set  are  termed  electrostatic  units,  the 
latter  electromagnetic  units.  The  important  relation  between  the 
two  sets  is  explained  in  the  note  at  the  end  of  Lesson  XXX. 

P 
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257.  Electrostatic  Units. — No  special  names  have  been 
assigned  to  the  electrostatic  units  of  Quantity,  Potential, 
Capacity,  etc  The  reasons  for  adopting  the  following  values 
as  units  are  given  either  in  Chapter  L  or  in  the  present  Chapter. 

Unit  of  Quantity, — The  unit  of  quantity  is  that  quantity  of 
electricity  which,  when  placed  at  a  distance  of  one 
centimetre  (in  air)  from  a  similar  and  equal  quantity, 
repels  it  with  a  force  of  one  dyne  (Art.  236). 

Potential. — Potential  being  measured  by  work  done  in  moving 
a  unit  of  +  electricity  against  the  electric  forces,  the  unit 
of  potential  will  be  measured  by  the  unit  of  work,  the  erg. 

Unit  Difference  of  Potential. — Unit  difference  of  potential 
exists  between  two  points,  when  it  requires  the  expendi- 
ture of  one  erg  of  work  to  bring  a  unit  of  +  electricity 
from  one  point  to  the  other  against  the  electric  force 
(Art.  242). 

Unit  of  Capacity, — ^That  conductor  possesses  unit  capacity 
which  requires  a  charge  of  one  unit  of  electricity  to  bring 
it  up  to  unit  potential.  A  sphere  of  one  centimetre 
radius  possesses  unit  capacity  (Art.  247). 

Specific  Inductive  Capacity  is  defined  in  Art.  268  as  the  ratio 
between  two  quantities  of  electricity.  The  specific 
inductive  capacity  of  the  air  is  taken  as  unity. 

258.  Dimensions  of  Units. — It  has  been  assumed  above 
that  a  velocity  can  be  expressed  in  centimetres  per  second  ;  for 
velocity  is  rate  of  change  of  place,  and  it  is  clear  that  if  change 
of  place  may  be  measured  as  a  length  in  centimetres,  the  rate 
of  change  of  place  will  be  measured  by  the  number  of  centi- 
metres ^ough  which  the  body  moves  in  unit  of  time.  It  is 
impossible,  indeed,  to  express  a  velocity  without  regarding  it  as 
the  quotient  of  a  certain  number  of  units  of  length  divided  by 
a  certain  number  of  units  of  time.     In  other  words,  a  velocity 

=  ^  ^^   ;  or,  adopting  L  as  a  symbol  for  length,  and  T  as  a 
symbol  for  time,  V  =  ^,  which  is  still  more  conveniently  written 

V  =  LxT~".     in  a  similar  way  acceleration  being  rate  of 
change  of  velocity,  we  have  A  =  ^  =  ;p^  =  ^  =  LxT"'** 

Now  these  physical  quantities,  "velocity,"  and  ** acceleration," 
are  respectively  always  quantities  of  the  same  nature,  no  matter 
whether  the  centimetre,  or  the  inch,  or  the  mile,  be  taken  as  the 
unit  of  length,  or  the  second  or  any  other  interval  be  taken  as 
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the  unit  of  time.  Hence  we  say  that  these  abstract  equations 
express  the  ^^ dimensions'^  of  those  quantities  with  respect  to  the 
fundamental  quantities  length  and  time.  A  little  consideration 
will  show  the  student  that  the  following  will  therefore  be  the 
dimensions  of  the  various  units  mentioned  above  : — 


Units. 

Dimensions. 

{^Fundamentals) 

/ 

Length 

L 

m 

Mass 

M 

t 

Tune 

T 

{Derived,) 

Area               =        L  x   L                    « 

L» 

Volume          =         L  X   L  X  L            = 

L' 

V 

Velocity          =         L  -r-  T 

LT-^ 

a 

Acceleration  =  velocity  -=-  time            = 

LT-' 

f 

Force              =  mass   x   acceleration     = 

MLT-' 

Work              =  force  x   length             = 

ML^T"^ 

{Electrostatic. ) 

m4lIt-' 

i 

■Quantity  <^m'-^   =  Vforce  x  (distance)."  = 

• 

Current                  =  quantity  -J-  time   = 

m^lH-' 

V 

Potential                =  work  -r-  quantity  = 

M*L-^T~^ 

R 

Resistance              =  potential  -j-  current    = 

L-^T^ 

C 

Capacity                 =  quantity  -?-  potential  = 

L 

k 

Sp.  Ind.  Capacity  =  quantity  -=-  another  quantity 

a  numeral 

Electromotive  Intensity  —  force  -7-  quantity  = 

M^Lir-^ 

The  dimensions  of  magnetic  units  are  given  in  the  note  on 
Magnetic  Units,  Art.  324. 

Lesson  XXI. — Electrometers, 

259.  In  Lesson  II.  we  described  a  number  oi  electro- 
scopes or  instruments  for  indicating  the  presence  and 
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sign  of  a  charge  of  electricity ;  some  of  these  also  served 
to  indicate  roughly  the  amount  of  these  charges,  but  none 
of  them  save  the  torsion  balance  could  be  regarded  as 
affording  an  accurate  means  of  measuring  either  the 
quantity  or  the  potential  of  a  given  charge.  An  instru- 
ment/or measuring  differences  of  electrostatic  potential  is 
termed  an  Electrometer.  Such  instruments  can  also 
be  used  to  measure  electric  quantity  indirectly,  for  the 
quantity  of  a  charge  can  be  ascertained  by  measuring 
the  potential  to  which  it  can  raise  a  conductor  of  known 
capacity.  The  earliest  electrometers  attempted  to  measure 
the  quantities  directly.  Lane  and  Snow  Harris  constructed 
"  Unit  Jars  "  or  small  Leyden  jars,  which,  when  it  was 
desired  to  measure  out  a  certain  quantity  of  electricity, 
we^  charged  and  discharged  a  certain  number  of  times. 
The  discharging  gold-leaf  electroscope  of  Gaugain  was 
invented  with  a  similar  idea. 

260.  Repulsion  Electrometers. — The  torsion 
balance,  described  in  Art.  15,  measures  quantities  by 
measuring  the  forces  exerted  by  the  charges  given  to  the 
fixed  and  movable  balls.  It  can  only  be  applied  to  the 
measurement  of  repelling  forces,  for  the  equilibrium  is 
unstable  in  the  case  of  a  force  of  attraction. 

There  are,  besides  the  gold-leaf  electroscope  and  the 
Lane's  electroscope,  described  in  Lesson  II.,  a  number 
of  finer  electrometers  based  upon  the  principle  of  repul- 
sion, some  of  which  resemble  the  torsion  balance  in 
having  a  movable  arm  turning  about  a  central  axis. 
Amongst  these  are  the  electrometers  of  Dellmann  and  of 
Peltier ;  the  latter  of  these  is  shown  in  Fig.  iii,  in  the 
Lesson  on  Atmospheric  Electricity.  In  this  apparatus  a 
light  arm  of  aluminium,  balanced  upon  a  point,  carries 
also  a  small  magnet  to  direct  it  in  the  magnetic  meridian. 
A  fixed  arm,  in  metallic  contact  with  the  movable  one, 
also  lies  in  the  magnetic  meridian.  A  charge  imparted 
to  this  instrument  produces  a  repulsion  between  the  fixed 
and  movable  arms,  causing  an  angular  deviation'.    Here, 
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however,  the  force  is  measured  not  by  being  pitted  against 
the  torsion  of  an  elastic  fibre,  or  against  gravitation,  but 
against  the  directive  magnetic  force  of  the  earth  acting 
on  the  small  needle.  Now  this  depends  on  the  intensity 
of  the  horizontal  component  of  the  earth's  magnetism  at 
the  place,  on  the  magnetic  moment  of  the  needle,  and 
on  the  sine  of  the  angle  of  its  deviation.  Moreover,  the 
repulsion  here  is  not  between  two  charges  collected  on 
small  spheres,  but  between  the  fixed  arm  and  the  mov- 
able one.  Hence,  to  obtain  quantitative  values  for  the 
readings  of  this  electrometer,  it  is  necessary  to  make 
preliminary  experiments  and  to  "  calibrate  "  the  degree- 
readings  of  the  angular  deviation  to  an  exact  scale. 

261.  Attracted  -  Diso  Electrometers.  —  Snow 
Harris  was  the  first  to  construct  an  electrometer  for 
measuring  the  attraction  between  an  electrified  and  a 
non-electrified  disc ;  and  the  instrument  he  devised  may 
be  roughly  described  as  a  balance  for  weighing  a  charge 
of  electricity.  More  accurately  speaking,  it  was  an 
instrument  resembling  a  balance  in  form,  carrying  at  one 
end  a  light  scale  pan;  at  the  other  a  disc  was  hung 
above  a  fixed  insulated  disc,  to  which  the  charge  to  be 
measured  was  imparted.  The  disadvantages  of  this 
instrument  were  manifold,  the  chief  objection  being  due 
to  the  irregular  distribution  of  the  charge  on  the  disc. 
The  force  exerted  by  an  electrified  point  falls  off  inversely 
as  the  square  of  the  distance,  since  the  lines  of  force 
emanate  in  radial  lines.  But  in  the  case  of  a  uniformly 
electrified  plane  surface,  the  lines  of  force  are  normal  to 
the  sur&ce,  and  parallel  to  one  another ;  and  the  force 
is  independent  of  the  distance.  The  distribution  over 
a  small  sphere  nearly  fulfils  the  first  of  these  conditions. 
The  distribution  over  a  flat  disc  would  nearly  fiilfil  the 
latter  condition,  were  it  not  for  the  perturbing  effect  of 
the  edges  of  the  disc  where  the  surface-density  is  much 
greater  (see  Art.  35);  for  this  reason  Snow  Harris's 
electrometer  was  very  imperfect 
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Sir  W.  Thomson  has  introduced  several  very  import- 
ant modifications  into  the  construction  of  attracted-disc 
electrometers,  the  chief  of  these  being  the  employment 
of  the  "  guard-plate "  and  the  providing  of  means  for 
working  with  a  definite  standard  of  potential.  It  would 
be  beyond  the  scope  of  these  lessons  to  give  a  complete 
description  of  all  the  various  forms  of  attracted-disc 
electrometer ;  but  the  main  principles  of  them  all  can  be 
readily  explained. 

The  disc,  C,  whose  attraction  is  to  be  measured,  is  sus- 
pended (Fig.  loo)  within  a  fixed  guard-plate,  B,  which 


Fig.   .DO. 

surrounds  it  without  touching  it,  and  which  is  placed 
in  metallic  contact  with  it  by  a  fine  wire.  A  lever,  L, 
supports  the  disc,  and  is  furnished  with  a  counterpoise  ; 
whilst  the  aluminium  wire  which  serves  as  a  fulcrum  may 
be  also  employed  to  produce  a  torsion  force.  In  order 
to  know  whether  the  disc  is  precisely  level  with  the 
lower  surface  of  the  guard-plate  a  little  gauge  or  index 
is  fixed  above,  and  provided  with  a  lens,  /,  to  observe 
its  indications.      Beneath  the  disc  and  guard-plate  is 


CHAP.  IV.]    ELECTRICITY  AND  MAGNETISM.  215 

a  second  disc,  A,  supported  on  an  insulating  stand.  This 
lower  disc  can  be  raised  or  lowered  at  will  by  a  micro- 
meter screw,  great  care  being  taken  in  the  mechanical 
arrangements  that  it  shall  always  be  parallel  to  the 
plane  of  the  guard -plate.  Now,  since  the  disc  and 
.guard-plate  are  in  metallic  connection  with  one  another, 
they  form  virtually  part  of  one  surface,  and  as  the 
irregularities  of  distribution  occiu*  at  the  edges  of  the 
surface,  the  distribution  over  the  surface  of  the  disc  is 
practically  uniform.  Any  attraction  of  the  lower  plate 
upon  the  disc  might  be  balanced  either  by  increasing 
the  weight  of  the  counterpoise,  or  by  putting  a  torsion 
on  the  wire ;  but  in  practice  it  is  found  most  convenient 
to  obtain  a  balance  by  altering  the  distance  of  the  lower 
plate  until  the  electric  force  of  attraction  exactly 
balances  the  forces  (whether  of  torsion  or  of  gravity 
acting  on  the  counterpoise)  which  tend  to  lift  the  disc 
above  the  level  of  the  guard-plate. 

The  theory  of  the  instrument  is  simple  also.  The 
force  F  just  outside  a  charged  conducter  is  4ir/3  (Art. 
252);  and  since  electric  force  is  the  same  thing  as 
the   rate   of   change   of  potential   per   unit  of  length 

(Art.   241),  it   will   be   equal   to  ^,  where   V   is  the 

difiference  of  potentials  between  the  upper  and  lower 

plates,  and  D  the  distance  between  them :  hence  p  =»  — j^' 

If  the  surface  of  the  movable  disc  be  S,  the  quantity  of 
the  charge  on  it  will  be  Sp.  Now,  let  us  suppose  that 
the  electricity  on  the  lower  plate  has  an  equal  density 
but  of  opposite  sign,  as  will  be  the  case  if  either  plate  is 
connected  to  "earth."  Since  its  density  is  — p  it  will 
exercise  a  force  of—  27r/3  on  a  +  unit  placed  near  the  disc; 
(but  as  this  force  is  a  force  exerted  from  the  upper  side 
of  the  plate  we  must  change  its  sign  again  and  call  it 
+  2w/),  where  the  +  sign  signifies  a  force  tending  to 
move  a + unit  downwards.)     Now  on  the  disc  there  are 
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Sp  units  of  electricity ;  hence  the  total  force  of  attraction 
on  the  disc  will  be  F  =  27rp  x  Sp. 

=  27rSp\ 

SttF 


=v 


whence  V     _  .  , 

From  this  we  gather  that,  if  the  force  F  remain  the 
same  throughout  the  experiments,  tke  difference  of  po- 
tentials between  the  discs  will  be  simply  proportional  to 
the  distance  between  them  when   the  disc   is   in  level 

equilibrium.      And  the  quantity.  /?^  may  be  deter- 
mined once  for  all  as  a  "  constant "  of  the  instrument 

In  the  more  elaborate  forms  of  the  instrument,  such 
as  the  "  absolute  electrometer,"  and  the  "  portable 
eleotrometer,"  the  disc  and  guard -plate  are  covered 
with  a  metallic  cage,  and  are  together  placed  in  com- 
munication with  a  condenser  to  keep  them  at  a  known 
potential.  This  obviates  having  to  make  measurements 
with  zero  readings,  for  the  differences  of  potential  will 
now'be  proportional  to  differences  of  micrometer  readings^ 

SttF 


V,-V,=  (D,-D,)y! 


orv  .       -..-„., 

The  condenser  is  provided  in  these  instruments  with 
a  gauge,  itself  an  attracted-disc,  to  indicate  when  it  is 
charged  to  the  right  potential,  and  with  a  replenisher  to 
increase  or  decrease  the  charge,  the  replenisher  being 
a  little  convection-induction  machine  (see  Art.  45). 

262.  The  Quadrant  Electrometer. — The  Quad- 
rant Electrometer  of  Sir  W.  Thomson  is  an  example  of 
a  different  class  of  electrometers,  in  which  use  is  made 
of  an  auxiliary  charge  of  electricity  previously  imparted 
to  the  needle  of  the  instrument.    The  needle,  which  con- 
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sists  of  a  thin  flat  piece  of  metal  hung  horizontally  by  a 
fibre  or  thin  wire,  thus  charged  with,  say,  +  electricity, 
will  be  attracted  by  a  —  charge,  hut  repelled  by  a  + 
charge  ;  and  such  attraction  or  repulsion  will  be  stronger 
in  proportion  to  these  charges,  and  in  proportion  to  the 
charge  on  the  needle.  Four  quadrant -pieces  of  brass 
are  tbced  horizontally  below  the  needle  without  touching 
it  or  one  another.     Opposite  quadrants  are  joined  with 

Fig.  loi  shows  a  very  simple  form  of  the  Quadrant 
Electrometer,  as  arranged  for  qualitative  experiments. 


The  four  quadrants  are  enclosed  within  a  glass  case,  and 
the  needle,  which  carries  a  light  mirror,  M,  below  it,  is 
suspended  from  a  torsion  head,  C,  by  a  very  thin  metallic 
wire,  F.  It  is  electrified  to  a  certain  potential  by  being 
connected,  through  a  wire  attached  to  C,  with  a  chained 
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Leyden  jar  or  other  condenser.  In  order  to  observe 
the  minutest  motions  of  the  needle,  a  reading-telescope 
and  scale  are  so  placed  that  the  observer  looking  through 
the  telescope  sees  an  image  of  the  zero  of  the  scale 
reflected  in  the  little  mirror.  The  wires  connecting 
quadrants  i  and  3,  2  and  4,  are  seen  above  the  top  of 
the  case.  The  needle  and  quadrants  are  shown  in  plan 
separately  above.  If  there  is  the  slightest  difference  of 
potential  between  the  pairs  of  quadrants,  the  needle, 
which  is  held  in  its  zero  position  by  the  elasticity  of  the 
wire,  will  turn,  and  so  indicate  the  difference  of  potential. 
When  these  deflections  are  small,  the  scale  readings  will 
be  very  nearly  proportional  to  the  difference  of  potential. 
The  instrument  is  sufficiently  delicate  to  show  a  difference 
of  potential  between  the  quadrants  as  small  as  the  ^  of 
that  of  the  Daniell's  celL 

For  very  exact  measurements  many  additional  refine- 
ments are  introduced  into  the  instrument.  Two  sets  of 
quadrants  are  employed,  an  upper  and  a  lower,  having 
the  needle  between  them.  The  torsion  wire  is  replaced 
by  a  delicate  bifilar  suspension  (Art.  118).  To  keep 
up  the  charge  of  the  Leyden  jar  a  "  Replenisher "  is 
added ;  and  an  "  attracted-disc,"  like  that  of  the  Absolute 
Electrometer,  is  employed  in  order  to  act  as  a  gauge  to 
indicate  when  the  jar  is  charged  to  the  right  potential. 
In  these  forms  the  jar  consists  of  a  glass  vessel  placed 
below  the  quadrants,  coated  externally  with  strips  of  tin- 
foil, and  containing  strong  sulphuric  acid  which  serves 
the  double  function  of  keeping  the  apparatus  dry  by 
absorbing  the  moisture  and  of  acting  as  an  internal 
coating  for  the  jar.  It  is  also  more  usual  to  throw  a 
spot  of  light  from  a  lamp  upon  a  scale  by  means  of  the 
little  mirror  (as  described  in  the  case  of  the  Mirror 
Galvanometer,  in  Art.  202),  than  to  adopt  the  subjective 
method  with  the  telescope,  which  only  one  person  at  a 
time  can  use.  When  the  instrument  is  provided  with 
replenisher  and  gauge,  the  measurements  can  be  made  in 
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terms  of  absolute  units,  provided  the  **  constant "  of  the 
particular  instrument  (depending  on  the  suspension  of 
the  needle,  size  and  position  of  needle  and  quadrants, 
potential  of  the  gauge,  etc.)  is  once  ascertained. 

263.  An  example  will  illustrate  the  mode  of  using  the  instru- 
ment. It  is  known  that  when  the  two  ends  of  a  thin  wire  are 
kept  at  two  different  potentials  a  current  flows  through  the  wire, 
and  that  if  the  potential  is  measured  at  different  points  along 
the  wire,  it  is  found  to  fall  off  in  a  perfectly  uniform  manner 
from  the  end  that  is  at  a  high  potential  down  to  that  at  the  low 
potential.  At  a  point  one  quarter  along  the  potential  will  have 
fallen  off  one  quarter  of  the  whole  difference.  This  could  be 
proved  by  joining  the  two  ends  of  the  wire  through  which  the 
current  was  flowing  to  the  terminals  of  the  Quadrant  Electro- 
meter, when  one  pair  of  quadrants  would  be  at  the  high 
potential  and  the  other  at  the  low  potential.  The  needle  would 
turn  and  indicate  a  certain  deflection.  Now,  disconnect  one  of 
the  pairs  of  quadrants  from  the  low  potential  end  of  the  wire, 
and  place  them  in  communication  with  a  point  one  quarter 
along  the  wire  from  the  high  potential  end.  The  needle  will 
at  once  indicate  that  the  difference  of  potential  is  but  one  quarter 
of  what  it  was  before. 

Often  the  Quadrant  Electrometer  is  employed  simply  as  a 
very  deHcate  electror^^^  in  systems  of  measurement  in  which  a 
difference  of  electric  potential  is  measured  by  being  balanced 
against  an  equal  and  opposite  difference  of  potential,  exact 
balance  being  indicated  by  there  being  no  deflection  of  the 
Electrometer  needle.  Such  methods  of  experimenting  are  known 
as  "  NtdLMethpds;'  or  "  Zero  Methods:'         / 

t^^  ^664.  l5ry-PUe  Electrometer.— The  principle  of 
symmetry  observed  in  the  Quadrant  Electrometer  was 
previously  employed  in  the  Electroscope  of  Bohnenberger 
— a  much  less  accurate  instrument — in  which  the  charge 
to  be  examined  was  imparted  to  a  single  gold  leaf,  placed 
symmetrically  between  the  poles  of  a  dry-pile  (Art.  182), 
toward  one  or  other  pole  of  which  the  leaf  was  attracted. 
Fechner  modified  the  instrument  by  connecting  the  + 
pole  of  the  dry-pile  with  a  gold  leaf  hanging  between 
two  metal  discs,  from  the  more  +  of  which  it  was  re- 
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pelled.  The  inconstancy  of  dry -piles  as  sources  of 
electrification  led  Hankel  to  substitute  a  battery  of  a 
very  large  number  of  small  Daniell's  cells. 

266.  CapiZLary  Bleotrometers.  —  The  Capillary 
Electrometer  of  Lippmann,  as  modified  by  Dewar,  was 
described  in  Art.  225. 


/ 


Lesson  XXIL — Specific  Inductive  Capacity^  etc. 


266.  In  Lesson  VL  it  was  shown  that  the  capacity 
of  a  Leyden  jar  or  other  condenser  depended  upon  the 
size  of  the  conducting  coatings  or  surfeces,  the  thinness 
of  the  glass  or  other  dielectric  between  them,  and  upon 
the  particular  ^^ inductive  capacity^*  of  the  dielectric 
used.  We  will  now  examine  the  subject  in  a  more 
rigorous  way.  In  Art.  246  it  was  laid  down  that  the 
capacity  of  a  conductor  was  measured  by  the  quantity 
of  electricity  required  to  raise  its  potential  to  imity  ;  or 
if  a  quantity  of  electricity  Q  raise  the  potential  firom 
V  to  V  then  its  capacity  is 

'^  -  V'-V 

Now,  a  Leyden  jar  or  other  condenser  may  be 
regarded  as  a  conductor,  in  which  (owing  to  the  parti- 
cular device  of  bringing  near  together  the  two  oppositely- 
charged  surfaces)  the  conducting  surface  can  be  made 
to  hold  a  very  large  quantity  of  electricity  without  its 
potential  (whether  +  or  — )  rising  very  high.  The 
capacity  of  a  condenser,  like  that  of  a  simple  con- 
ductor, will  be  measured  by  the  quantity  of  electricity 
required  to  produce  unit  rise  of  potential. 

267.  Theory   of  Spherical   Air -Condenser. — 
\  Suppose   a  Leyden  jar  made  of  two  concentric  metal 

spheres,  one  inside  the  other,  the  space  between  them 
being  filled  by  air.  The  inner  one.  A,  will  represent  the 
interior  coating  of  tinfoil,  and  the  outer  sphere,  B  (Fig, 
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102),  will  represent  tjie  exterior  coating.     Let  the  radii 

of  these  spheres  be  r  and  t' 

respectively.    Suppose  a  charge 

of    Q    units    to    be    imparted 

to  A ;    it  will   induce  on  the 

inner    side    of    B    an    equal 

negative  charge  -  Q,   and  to 

the  outer  side  of  B  a  charge 

+  Q  will   be   repelled.     This 

latter  is  removed   by  contact 

with    "earth,"   and    need    be 

no   further   considered.      The 

potential  1   at    the    centre    M, 

calculated   by  the  rule   given 

in  Art.  238,  will  be  Fiff-  ^^a 


M  ^ 


Q 

r' 


At  a  point  N,  outside  the  outer  sphere  and  quite  near  to 
it,  the  potential  will  be  the  same  as  if  these  two  charges, 
+  Q  and  -  Q,  were  both  concentrated  at  M.     Hence 

Vjf  —    —p—  —  o. 

So  then  the  difference  of  potentials  will  be 

whence 


Q       - 


r  —r 


But,  by  the  preceding  Article,  the  capacity  C 
therefore  C  = 


rr' 

§  • 

r  —r 


Vn' 


We  see  from  this  formula  that  the  capacity  of  the 
condenser  is  proportional  to  the  size  of  the  metal  globes, 
and  that  if  the  insulating  layer  is  very  thin, — that  is,  if 
r  be  very  nearly  as  great  as  r\  r'  —r  will  become  very 

1  The  student  must  remember  that  as  there  is  no  electric  force  within  a 
closed  conductor  the  potential  at  the  middle  is  just  the  same  as  at  any  other 
point  inside ;  so  that  it  is  somewhat  a  stretch  of  language  to  talk  of  the 
middle  point  M  as  having  a  potential. 
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small,  and  the  value  of  the  expression  -73-  will  become 

very  great ;  which  proves  the  statement  that  the  capacity 
of  a  condenser  depends  upon  the  thinness  of  the  layer 
of  dielectric. 

208.  Specific  Inductive  Capacity. — Cavendish 
was  the  first  to  discover  that  the  capacity  of  a  condenser 
depended  not  on  its  actual  dimensions  only,  but  upon 
the  inductive  power  oi  \!i\&  material  used  as  the  dielectric 
between  the  two  surfaces.  If  two  condensers  (of  any  of 
the  forms  to  be  described)  are  made  of  exactly  the  same 
size,  and  in  one  of  them  the  dielectric  be  a  layer  of  air, 
and  in  the  other  a  layer  of  some  other  insulating  sub- 
stance, it  is  found  that  equal  quantities  of  electricity 
imparted  to  them  do  not  produce  equal  differences -of- 
potentials ;  or,  in  other  words,  it  is  found  that  they  have 
not  the  same  capacity.  If  the  dielectric  be  sulphur, 
for  example,  it  is  found  that  the  capacity  is  about  three 
times  as  great ;  for  sulphur  possesses  a  high  inductive 
power  and  allows  the  transmission  across  it  of  electro- 
static influence  three  times  as  well  as  air  does.  The 
name  specific  inductive  capacity^  was  assigned  by 
Faraday  to  the  ratio  between  the  capacities  of  two  con- 
densers equal  in  size,  one  of  them  being  an  air-condenser, 
the  other  filled  with  the  specified  dielectric.  The 
specific  inductive  capacity  of  dry  air  at  the  temperature 
0°  C,  and  pressure  76  centims.,  is  taken  as  the  standard 
and  reckoned  as  unity. 

Cavendish,  about  the  year  1775,  measured  the  specific 
inductive  capacity  of  glass,  bees -wax,  and  other  sub- 
stances, by  forming  them  into  condensers  between  two 
circular  metal  plates,  the  capacity  of  these  condensers 
being  compared  with  that  of  an  air  condenser  (resem- 
bling Fig.   30)  and  with   other   condensers   which   he 

^  The  name  is  not  a  very  happy  one, — sj^cific  inductivtty  would  have  been 
better,  and  is  the  analogous  term,  for  dielectrics,  to  the  term  *'  specific  con- 
ductivity "  used  for  conductors.  The  term  dielectric  capacity  is  also  used  by 
some  modem  writers. 
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called  "trial-plates."  He  even  went  so  fer  as  to  com- 
pare the  capacities  of  these  "  trial-plates  "  with  that  of  a 
sphere  of  12^  inches  diameter  hung  up  in  the  middle  of 


published  researches  of  Caven- 
dish, independently  discovered 
specific  inductive  capacity,  and 
measured  its  value  for  several 
substances,  using  for  this  pur- 
pose two  condensers  of  the  form 
shown  in  Fig.  103.  Each 
consisted  of  a  brass  ball  A, 
enclosed  inside  a  hollow  sphere 
of  brass  B,  and  insulated 
by  a  long  plug  of  shellac,  up 
which  passed  a  wire  terminating 
in  a  ball  a.  The  outer  sphere 
consisted  of  two  parts  which 
could  be  separated  from  each 
other  in  order  to  HI  (he  hollow 
space  with  any  desired  material : 
the  experimental  process  then 
was  to  compare  their  capacities 
when  one  was  filled  with  the 
substance  to  be  examined,  the 
other    containing  only  dry  air.  Fig,  ,(,j. 

The   method   of  experimenting 

was  simple.  One  of  the  condensers  was  charged  with 
electricity.  It  was  then  made  to  share  its  charge  with  the 
other  condenser,  by  putting  the  two  inner  coatings  into 
metallic  communication  with  one  another,  the  outer 
-^oatings  also  being  in  communication  with  one  another. 
If  their  capacities  were  equal  they  would  share  the  charge 
equally,  and  the  potential  after  contact  would  be  just 
half  what  it  was  in  the  charged  condenser  before  con- 
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tact.  If  the  capacity  of  one  was  greater  than  the  other 
the  final  potential  would  not  be  exactly  half  the  original 
potential,  because  they  would  not  share  the  charge 
equally,  but  in  proportion  to  their  capacities.  The 
potentials  of  the  charges  were  measured  before  and 
after  contact  by  means  of  a  torsion  balance.^  Faraday's 
results  showed  the  following  values: — Sulphur,  2*26; 
shellac,  2*0;  glass,  176  or  more. 

270.  Beoent  Besearches. — Since  1870  large  addi- 
tions to  our  knowledge  of  this  subject  have  been  made. 
Gibson  and  Barclay  measured  the  inductive  capacity  of 
parafl&n  by  comparing  the  capacity  of  an  air  condenser 
with  one  of  paraffin  by  means  of  a  sliding  condenser,  and 
a  divided  condenser  called  a  "  platymeter,"  using  a 
quadrant  electrometer  as  a  sensitive  electroscope  to 
adjust  the  capacity  of  the  condensers  exactly  to  equality. 
Wiillner,  Boltzmann,  and  others,  have  also  examined 
the  inductive  capacity  of  solid  bodies  by  several  methods. 
Hopkinson  has  examined  that  of  glass  of  various  kinds, 
using  a  constant  battery  to  produce  the  required  differ- 
ence of  potentials,  and  a  condenser  provided  with  a 
guard -ring  for  a  purpose  similar  to  that  of  the  guard- 
ring  in  absolute  electrometers.  Gordon  has  still  more 
recently  made  a  large  number  of  observations,  using  a 
delicate  apparatus  known  as  a  statical  "  induction 
balance,"  which  is  a  complicated  condenser,  so  arranged 
in  connection  with  a  quadrant  electrometer  that  when 
the  capacities  of  the  separate  parts  are  adjusted  to 
equality  there  shall  be  no  deflection  in  the  electrometer, 
whatever  be  the  amount  or  sign  of  the  actual  electrifi- 

1  The  value  of  the  specific  inductive  capacity  k  could  then  be  calculated 
as  follows : — 

Q  -  VC  -  V'C  +  V'Gfe 

(where  C  is  the  capacity  of  the  first  apparatus  and  V  its  potential,  and  V 
the  potential  after  cominimication  with  the'  second  apparatus,  whose 
capacity  is  C^) : 

hence  V  =  V  (i  +  /t) 

and>fe-5!;=^' 
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cation  employed  for  the  moment.  This  arrangement, 
when  employed  in  conjunction  with  an  induction  coil 
(Fig.  148)  and  a  rapid  commutator,  admits  of  the  in- 
ductive capacity  being  measured  when  the  duration  of 
the  actual  charge  is  only  very  small,  the  electrification 
being  reversed  12,000  times  per  second.  Such  an  instru- 
ment, therefore,  overcomes  one  great  difficulty  besetting 
these  measurements,  namely,  that  owing  to  the  apparent 
absorption  of  part  of  the  charge  by  the  dielectric  (as 
mentioned  in  Art.  53),  the  capacity  of  the  substance, 
when  measured  slowly,  is  different  from  its  "  instantane- 
ous capacity."  This  electric  absorption  is  discussed 
further  in  Art.  272.  The  amount  of  the  absorbed  charge 
is  found  to  depend  upon  the  time  that  the  charge  has 
been  accumulated.  For  this  reason  the  values  assigned 
by  different  observers  for  the  inductive  capacity  of  various 
substances  differ  to  a  most  perplexing  degree^  especially 
in  the  case  of  the  less  perfect  insulators.  The  following 
Table  summarises  Gordon's  observations  : 


1  Air    , 

Glass 


I'OO 

.     3013 

2  -284 

2*462 

2'220 

I  -9936 

.          274 

2  58 

to  3*258 


Ebonite 

Guttapercha 

Indiarubber  .         .       2*220     to  2*497 

Paraffin  (solid) 

Shellac 

Sulphur 

Gordon's  values  would  probably  have  been  more 
reliable  had  the  plates  of  the  induction  balance  been 
provided  with  guard -rings  (Art.  248).  Hopkinson, 
whose  method  was  a  "  slow "  one,  found  for  glass 
much  higher  inductive  capacities,  ranging  from  6*5  to 
10*1,  the  denser  kinds  having  higher  capacities.  Row- 
land has  lately  examined  the  inductive  capacity  of 
plates  of  quartz  cut  from  a  homogeneous  crystal,  and 
finds  it  perifectly  devoid  of  electric  absorption.  Caven- 
dish  observed    that    the    apparent    capacity   of    glass 

Q 
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became  much  greater  at  those  temperatures  at  which  it 
begins  to  conduct  electricity.  Boltzmann  has  announced 
that  in  the  case  of  two  crystalline  substances,  Iceland 
spar  and  sulphur,  the  inductive  capacity  is  different  in 
different  directions,  according  to  their  position  with 
.  .  respect  to  the  axes  of  crystallisation. 
jX^il/d^^'  271.  flpflclfln  Indttctiva-  Oapaclty  of  Liquids 
and  Gku9ea — The  in^icli^e  dbpacity^of  liquids  also 
has  specific  values.  The  following  table  is  taken  from 
the  data  of  Silow  and  of  Gordon : — 


Turpentine  . 
Petroleum  . 
Bisulphide  of  Carbon 


2*l6 

2*03  to  2*07 

1-81 


Faraday  examined  the  inductive  capacity  of  several 
gases  by  means  of  his  apparatus  (Fig.  103),  one  of  the 
condensers  being  filled  with  air,  the  other  with  the  gas 
which  was  let  in  through  the  tap  below  the  sphere  after 
exhaustion  by  an  air  pump.  The  method  was  too  rough, 
however,  to  enable  him  to  detect  any  difference  between 
them,  although  many  experiments  were  made  with  dif- 
ferent pairs  of  gases  at  different  temperatures  and  under 
varying  pressures.  More  recently  Boltzmann,  and  inde- 
pendently Ayrton  and  Perry,  have  measured  the  specific 
inductive  capacities  of  different  gases  by  very  exact 
methods  ;  and  their  results  agree  very  £Eiirly. 


Boltzmann. 

Ajrrton  and  Peny. 

Air 

(I) 

(I) 

Vacuum  .         •         •         . 

(0-999410) 

(0-9985) 

Hydrogen         .         • 

0-999674 

0*9998 

Carbonic  Acid  . 

I  -000356 

I  -0008 

defiant  Gas      .         .         . 

1-000722 

Sulphur  Dioxide 

1-0037 

272.  Meohanioal  Effects  of  Dieleotrio  Stresa 
^-That   different    insulating    substances  have  specific 
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inductive  power  sufficiently  disproves  the  idea  that 
induction  is  merely  an  "  action  at  a  distance,"  for  it  is 
evident  that  the  dielectric  medium  is  itself  concerned  in 
the  propagation  of  induction,  and  that  some  media  allow 
induction  to  take  place  across  them  better  than  others. 
The  existence  of  a  residual  charge  (Art.  53)  can  be 
explained  either  on  the  supposition  that  the  dielectric  is 
composed  of  heterogenous  particles  which  have  unequal 
conducting  powers,  as  Maxwell  has  suggested,  or  on  the 
hypothesis  that  the  molecules  are  actually  subjected  to 
a  strain  from  which,  especially  if  the  stress  be  long-con- 
tinued, they  do  not  recover  all  at  once.  Kohlrausch  and 
others  have  pointed  out  the  analogy  between  this  pheno- 
menon and  that  of  the  "elastic  recovery"  of  solid  bodies 
after  being  subjected  to  a  bending  or  a  twisting  strain. 
A  fibre  of  glass,  for  example,  twisted  by  a  certain  force, 
flies  back  when  released  to  almost  its  original  position, 
a  slight  sub -permanent  set  remains,  from  which,  how- 
ever, it  slowly  recovers  itself,  the  rate  of  its  recovery 
depending  upon  the  amount  and  duration  of  the  original 
twisting  strain.  Hopkinson  has  shown  that  it  is  possible 
to  superpose  several  residual  charges,  even  charges  of 
opposite  signs,  which  apparently  "  soak  out "  as  the 
strained  material  graduaUy  recovers  itself.  Perry  and 
Ayrton  have  also  investigated  the  question,  and  have 
shown  that  the  polarisation  charges  in  voltameters  exhibit 
a  similar  recovery.^  Air  condensers  exhibit  no  residual 
charges. 

When  a  condenser  is  discharged  a  sound  is  often  heard. 
This  was  noticed  by  Sir  W.  Thomson  in  the  case  of  air 
condensers ;  and  Varley  even  constructed  a  telephone  in 
which  the  rapid  charge  and  discharge  of  a  condenser 
gave  rise  to  distinct  tones. 

1  It  would  appear,  therefore,  probable  that  Maxwell's  suggestion  of  hetero- 
geneity of  structure,  as  leading  to  residual  electrification  at  the  bounding 
surface  of  the  particles  whose  electric  conductivities  differ,  is  the  true 
explanation  of  the  "residual*'  charge.  The  phenomenon  of  elastic  recovery 
may  itself  be  due  to  heterogeneity  of  structure. 
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As  to  the  precise  nature  of  the  molecular  or  mechanical 
operations  in  the  dielectric  when  thus  subjected  to  the 
stress  of  electrostatic  induction,  nothing  is  known.  One 
pregnant  experiment  of  Faraday  is  of  great  importance, 
by  showing  that  induction  is,  as  he  expressed  it,  "an 
action  of  contiguous  particles."     In  a  glass  trough  (Fig. 

104),    is    placed 

;  >^  some  oil  of  tur- 

g^,---^^py:^jip      ='^(■^1^    pentine,  in  which 
J    ^§fe      tS  are  put  some  fibres 

g^v  -  iA^.^^^^^^^-^-  of  dry  silk  cut  into 

E  _..  small  bits.     Two 

Fig.  104.  .  .   ^ 

wires  pass  mto 
the  liquid,  one  of  which  is  joined  to  earth,  the  other 
being  put  into  connection  with  the  collector  of  an 
electrical  machine.  The  bits  of  silk  come  from  all 
parts  of  the  liquid  and  form  a  chain  of  particles  from 
wire  to  wire.  On  touching  them  with  a  glass  rod  they 
resist  being  pushed  aside,  though  they  at  once  disperse 
if  the  supply  of  electricity  is  stopped.  Faraday  regarded 
this  as  typical  of  the  internal  actions  in  every  case  of 
induction  across  a  dielectric,  the  particles  of  which  he 
supposed  to  be  "  polarised,"  that  is,  to  be  turned  into 
definite  positions,  each  particle  having  a  positive  and  a 
negative  end.  The  student  will  perceive  an  obvious 
analogy,  therefore,  between  the  condition  of  the  particles 
of  a  dielectric  acrpss  which  electrostatic  induction  is 
taking  place,  and  the  molecules  of  a  piece  of  iron  or 
steel  when  subjected  to  magnetic  induction. 

Siemens  has  shown  that  the  glass  of  a  Leyden  jar  is 
sensibly  warmed  afler  being  several  times  rapidly  charged 
and  discharged.  This  obviously  implies  that  molecular 
movement  accompanies  the  changes  of  dielectric  stress. 

273.  Electric  Expansion. — Fontana  noticed  that 
the  internal  volume  of  a  Leyden  jar  increased  when  it 
was  charged.  Volta  sought  to  explain  this  by  suggesting 
that  the  attraction  between  the  two  charged  surfaces 


CHAP.  IV.]    ELECTRICITY  AND  MAGNETISM.  229 

compressed  the  glass  and  caused  it  to  expand  laterally. 
This  idea  had  previously  occurred  to  Priestley.  Duter 
showed  that  the  amount  of  apparent  expansion  was 
inversely  proportional  to  the  thickness  of  the  glass,  and 
varied  as  the  square  of  the  potential  difference.  Quincke 
has  recently  shown  that  though  glass  and  some  other 
insulators  exhibit  electrical  expansion,  an  apparent  con- 
traction is  shown  by  resins  and  oily  bodies  under 
electrostatic  stress.  He  connects  with  these  properties 
the  production  of  optical  strain  and  of  double  refraction 
discovered  by  Kerr.  (See  Lesson  on  Electro-optics, 
Art.  386.) 

\  274.  Submarine  Cables  as  Condensers. — A 
submarine  telegraph  cable  may  act  as  a  condenser,  the 
ocean  forming  the  outer  coating,  the  internal  wire  the 
inner  coating,  while  the  insulating  layers  of  guttapercha 
correspond  to  the  glass  of  the  Leyden  jar.  When  one 
end  of  a  submerged  cable  is  connected  to,  say,  the  +  pole 
of  a  powerful  battery,  +  electricity  flows  into  it.  Before 
any  signal  can  be  received  at  the  other  end,  enough 
electricity  must  flow  in  to  charge  the  cable  to  a  consider- 
able potential,  an  operation  which  may  in  the  case  of 
long  cables  require  some  seconds.  Faraday  predicted 
that  this  retardation  would  occur.  It  is,  in  actual  fact,  a 
serious  obstacle  to  signalling  with  speed  through  the 
Atlantic  cables  and  others.  Professor  Fleeming  Jenkin 
has  given  the  following  experimental  demonstration  of 
the  matter.  Let  a  mile  of  insulated  cable  wire  be  coiled 
up  in  a  tub  of  water  (Fig.  105),  one  end,  N,  being 
insulated.  The  other  end  is  joined  up  through  a  long- 
coil  galvanometer,  G,  to  the  +  pole  of  a  large  battery, 
whose  —  pole  is  joined  by  a  wire  to  the  water  in  the  tub. 
Directly  this  is  done,  the  needle  of  the  galvanometer  will 
show  a  violent  deflection,  +  electricity  rushing  through  it 
into  the  interior  of  the  cable,  and  a  -  charge  being 
accumulated  on  the  outside  of  it  where  the  water  touches 
the  guttapercha.     For  perhaps  an  hour  the  flow  will  go 
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on,  though  diminishing,  until  the  cable  is  fully  charged. 
Now  remove  the  battery,  and  instead  join  up  a  and  b  by 
a  wire  ;  the  charge  in  the  cable  will  rush  out  through  the 


galvanometer,  which  will  show  an  opposite  deflection,  and 
the  residual  chaise  will  continue  "  soaking  out "  for  a 
long  time. 

Since  the  speed  of  signalling,  and  therefore  the 
economical  working  through  a  cable,  depends  upon  its 
"  capacity "  as  a  condenser,^  and  since  its  capacity 
depends  upon  the  specific  inductive  power  of  the  in- 
sulating substance  used,  Hooper's  compound,  which  has 
an  inductive  capacity  of  only  17,  and  is  cheap,  is  pre- 
ferred to  gutta-percha,  which  is  expensive,  and  has  a 
specific  inductive  capacity  as  high  as  2-46. 

276.  Use  of  Oondensera. — To  avoid  this  retarda. 
tion  and  increase  the  speed  of  signalling  in  cables  several 
devices  are  adopted.  Very  delicate  receivii^  Instruments 
are  used,  requiring  only  a  feeble  current ;  for  with  the 
feebler  batteries  the  actual  charge  given  to  the  cable  is 
less.  In  some  cases  a  key  is  employed  which,  after 
every  signal,  immediately  sends  into  the  cable  a  charge 
of  opposite  sign,  to  sweep  out,  as  it  were,  the  chaise  left 
behind.      In  duplex  signalling  (Lesson  XXXIX.)  the 

I  The  capadty  of  the  "  IKkci"  Allamic  cabk  from  Ballin^Elligs  (Inland) 
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resistance  and  electrostatic  capacity  of  the  cable  have  to 
be  met  by  balancing  against  them  an  "  artificial  cable  " 
consisting  of  a  wire  of  equal  resistance,  and  a  condenser 
of  equal  capacity.  Messrs.  Muirhead  constructed  for 
duplexing  the  Atlantic  Cable  a  condenser  containing 
100,000  square  feet  (over  two  acres  of  suifece)  of  tinfoil. 
Such  condensers  are  also  occasionally  used  on  telegraph 
lines  in  single  working  to  avoid  earth  currents.  They 
are  constructed  by  placing  sheets  of  tinfoil  between 
sheets  of  mica  or  of  paraffined  paper,  alternate  sheets  of 
foil  being  connected  together.  Small  condensers  of 
similar  construction  are  used  in  connection  with  induc- 
tion coils  (Fig.  148). 

276.  FracticaL  Unit  ot  Capacity. — Electricians  adopt  a  unit 
of  capacity,  termed  one  farad,  based  on  the  system  of  electro, 
magnetic  units.     A  condenser  of  one  farad  capacity  would  be 
raised  lo  a  potential  of  one  volt  by  a  charge  of  one  coulomb  of 
electricity.'     In  practice  snch  a  con- 
denser would  be  too  enormous  to  be 
constructed.      As   1   practical  unit 
of  capacity  is  therefore  chosen  the 
microfkrad,  or  one   millionth  of  a 
larad ;    a   capacity   about    equal   to 
that  of  three  miles  of  an   Atlantic 
cable.      Microfarad    condensers   are 
made  containing  about  3600  square 
inches  of  tinfoil.     Their  general  form  — 

is   shown   in   Fig.    106,   which   re-  f;,,  ,os. 

presents  a  \  microfarad  condenser. 

The  two  brass  pieces  upon  the  ebonite  top  are  connected  re- 
spectively with  the  two  series  of  alternate  sheets  of  tinfoil.  The 
plug  between  them  serves  to  keep  the  condenser  discharged 

Methods  of  measuring  the  capacity  of  a  condenser 
are  given  in  Art.  362. 

277.  Fonnulaa  for  Oapaoitles  of  Oonduotore 
and   CoQdenserB. — The  following  formulse  give  the 

■  See  Note  on  E1ectn>iiUEn°l><  Units,  Art.  jn. 
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capacity  of  condensers  of  all  ordinary  forms,  in  electro- 
static units : — 

Sphere:  (radius  =  r.     See  Art.  247). 

C  =  r. 

Two  Concentric  Spheres:  (radii  r  and  r',  specific 
inductive  capacity  of  the  dielectric  =  U). 


Q^k 


f'-r 


Cylinder:  (length  =  /,  radius  =  r). 

I 
C  = 


A 


2  iogc  ; 

Two  Concentric  Cylinders :  (length  =  /,  specific  in- 
ductive capacity  of  dielectric  =  k^  internal  radius 
=  r,  external  radius  =  r', 

2  loge  t 
r 

Circular  Disc:  (radius  =  r,  thickness  negligible). 

IT 

Two  Circular  Discs:  (like  air  condenser,  Art.  48, 
radii  =  r,  surface  =  S,  thickness  of  dielectric  =  ^, 
its  specific  inductive  capacity  =  U), 

or  C  =  k — ; 

(The  latter  formula  applies  to  any  two  parallel  discs 
of  surface  S,  whether  circular  or  otherwise,  provided  they 
are  large  as  compared  with  the  distance  b  between 
them.) 

278.  Ener^ry  of  Discharge  of  Leyden  Jar  or 
Condenser. — It  follows  from  the  definition  of  potential, 
given   in    Art.  237,  that   in  bringing  up  one  +  unit  oif 
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electricity  to  the  potential  V,  the  work  done  is  V  ergs. 
This  assumes,  however,  that  the  total  potential  V  is  not 
thereby  raised,  and  on  this  assumption  the  work  done 
in  bringing  up  Q  units  would  be  QV.  If,  however,  the 
potential  is  nothing  to  begin  with  and  is  raised  to  V  by 
the  charge  Q,  the  average  potential  during  the  operation 
is  only  JV ;  hence  the  total  work  done  in  bringing  up 
the  charge  Q  from  zero  potential  to  potential  V  is  JQV 
ergs.  Now,  according  to  the  principle  of  the  con- 
servation of  energy,  the  work  done  in  charging  a  jar 
or  condenser  with  electricity  is  equal  to  the  work  which 
could  be  done  by  that  quantity  of  electricity  when  the 
jar  is  discharged.  Hence  a  JQV  represents  also  the 
energy  of  the  discharge,  where  V  stands  for  the  dif- 
ference of  potential  between  the  two  coatings. 

Since  Q  =  VC,  it  follows  that  we  may  write  JQV  in 

the  form  J^.     That  is  to  say,  if  a  condenser  of  capacity 

C  is  charged  by  having  a  quantity  Q  of  electricity 
imparted  to  it,  the  energy  of  the  charge  is  proportional 
directly  to  the  square  of  the  quantity,  and  inversely  to 
the  capacity  of  the  condenser. 

If  two  equal  Leyden  jars  are  charged  to  the  same 
potential,  and  then  their  inside  and  outside  coatings  are 
respectively  joined,  their  united  charge  will  be  the  same 
as  that  of  a  jar  of  equal  thickness,  but  having  twice  the 
amount  of  surface. 

If  a  charged  Leyden  jar  is  placed  similarly  in  com- 
munication with  an  uncharged  jar  of  equal  capacity,  the 
charge  will  be  shared  equally  between  the  two  jars,  and 
the  passage  of  electricity  from  one  to  the  other  will  be 
evidenced  by  the  production  of  a  spark  when  the 
respective  coatings  are  put  into  communication.  Here, 
however,  half  the  energy  of  the  charge  is  lost  in  the 
operation  of  sharing  the  charge,  for  each  jar  will  have 
only  JQ  for  its  charge  and  JV  for  its  potential ;  hence 
the  energy  of  the  charge  of  each  being  half  the  product 
of  charge  and  potential  will  only  be  one  quarter  of  the 
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original  energy.  The  spark  which  passes  in  the 
operation  of  dividing  the  charge  is,  indeed,  evidence  of 
the  loss  of  energy ;  it  is  about  half  as  powerful  as  the 
spark  would  have  been  if  the  first  jar  had  been  simply 
discharged,  and  it  is  just  twice  as  powerful  as  the  small 
sparks  yielded  finally  by  the  discharge  of  each  jar  after 
the  charge  has  been  shared  between  them. 

The  energy  of  a  charge  of  the  jar  manifests  itself, 
as  stated  above,  by  the  production  of  a  spark  at  dis- 
charge ;  the  sound,  light,  and  heat  produced  being  the 
equivalent  of  the  energy  stored  up.  If  discharge  is 
effected  slowly  through  a  long  thin  wire  of  high  resistance 
the  air  spark  may  be  feeble,  but  the  wire  may  be 
perceptibly  heated.  A  wet  string  being  a  feeble  con- 
ductor affords  a  slow  and  almost  silent  discharge ;  here 
probably  the  electrolytic  conduction  of  the  moisture  is 
h-  accompanied  by  an  action  resembling  that  of  secondary 
J  Il^^-tteries  (Lesson  XXXVI IL)  tending  to  prolong  the 
juration  of  the  discharge. 

279.  Oharsre  of  Jajrs  arran^red  in  Cascade. — 
Franklin  suggested  that  a  series  of  jars  might  be 
^  ^t^ ,  .V—  arranged,  the  outer  coating  of  one  being  connected  with 
/  the  inner  one  of  the  next,  the  outer  coating  of  the  last 


M 


? 


being  connected  to  earth.  The  object  of  this  arrange- 
ii\  :•  i  ment  was  that  the  second  jar  might  be  charged  with  the 
electricity  repelled  from  the  outer  coating  of  the  first, 
the  third  from  that  of  the  second,  and  so  on.  This 
"  cascade "  arrangement,  however,  is  of  no  advantage, 
the  whole  charge  accumulated  in  the  series  being  only 
equal  to  that  of  one  single  jar.  For  if  the  inner  coating 
of  the  first  jar  be  raised  to  V,  that  of  the  outer  coating 
of  the  last  jar  remaining  at  zero  in  contact  with  earth, 
the  difference  of  potential  between  the  outer  and  inner 

coating  of  any  one  jar  will  be  only    -  V,  where  n  is 

number  of  jars.     And  as  the  charge  in  each  jar  is  equal 
to  its  capacity  C,  multiplied  by  its  potential,  the  charge 

in  each  will  only  be  -  CV,  and  in  the  whole  n  jars  the 
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total  charge  will  be  n  -^  CV,  or  CV,  or  equals  the  charge 
of  one  jar  of  capacity  C  raised  to  the  same  potential  V. 

Lesson  XXIII. — Phenomena  of  Discharge, 

280.  An  electrified  conductor  may  be  discharged  in 
at  least  three  different  ways,  depending  on  the  medium 
through  which  the  discharge  is  effected,  and  varying 
with  the  circumstances  of  the  discharge. 

281.  DifiETuptive  Discharsre. —  In  the  preceding 
Lesson  it  has  been  shown  that  induction  across  a  non- 
conducting medium  is  always  accompanied  by  a  mechani- 
cal stress  upon  the  medium.  If  this  stress  is  very  great 
the  non-conducting  medium  will  suddenly  give  way  and 
a  spark  will  burst  across  it.  Such  a  discharge  is  called 
a  "  disruptive  "  dischargre. 

A  very  simple  experiment,  carefully  considered,  will 
set  the  matter  in  a  clear  light.  Suppose  a  brass  ball 
charged  with  +  electricity  to  be  hung  by  a  silk  string 
above  a  metal  plate  lying  on  the  ground.  If  we  lower 
doim  the  suspended  ball  a  spark  will  pass  between  it 
and  the  plate  when  they  come  very  near  together,  and 
the  ball  will  then  be  found  to  have  lost  all  its  previous 
charge.  It  was  charged  with  a  certain  quantity  of 
electricity,  and  as  it  had,  when  suspended  out  of  the 
range  of  other  conductors,  a  certain  capacity  (numeri- 
cally equal  to  its  radius  in  centimetres),  the  electricity 

on  it  would  be  at  a  certain  potential  (namely  =  ^),  and 

the  charge  would  be  distributed  with  a  certain  surface 
density  all  over  it.  The  plate  lying  on  the  earth  would 
be  all  the  while  at  zero  potential.  But  when  the  sus- 
pended ball  was  lowered  ttdeum  towards  the  plate  the 
previous  state  of  things  was  altered.  In  the  presence 
of  the  +  charge  of  the  ball  the  potential^  of  the  plate 

1  The  student  most  remember  that,  by  the  definition  of  potential  in 
Art.'  237,  the  potential  at  a  point  is  the  sum  of  all  the  separate  quantities  of 
electricity  near  it,  divided  each  by  its  distance  from  the  poinL 


236  ELEMENTARY  LESSONS  ON       [chap.  iv. 

would  rise,  were  it  not  that,  by  the  action  termed 
induction,  just  enough  negative  electrification  appears  on 
it  to  keep  its  potential  still  the  same  as  that  of  the  earth. 
The  presence  of  the  induced  negative  electricity  on  the 
plate  will  attract  the  +  electricity  of  the  ball  downwards, 
and  alter  the  distribution  of  the  electricity  on  the  ball, 
the  surface  -  density  becoming  greater  at  the  under 
surface,  and  less  on  the  upper.  The  capacity  of  the 
ball  will  be  increased,  and  therefore  its  potential  will 
fall  correspondingly.  The  layer  of  air  between  the  ball 
and  the  plate  is  acting  like  the  glass  of  a  Leyden  jar. 
The  more  the  ball  is  lowered  49Wtt  the  greater  is  the 
accumulation  of  the  opposite  kinds  of  electricity  on  each 
side  of  the  layer  of  air,  and  the  stress  across  the  layer 
becomes  greater  and  greater,  until  the  limit  of  the 
dielectric  strength  is  reached;  the  air  suddenly  gives 
way  and  the  spark  tears  a  path  across.  The  greater 
the  difference  of  potential  between  the  two  bodies,  the 
thicker  will  be  the  layer  which  can  thus  be  pierced,  and 
the  longer  will  be  the  spark. 

282.  Gonduotive  Disohargre.  —  If  the  discharge 
takes  place  by  the  passage  of  a  continuous  current^ 
as  when  electricity  flows  through  a  thin  wire  from  the 
collector  of  a  machine  back  to  the  rubbers,  or  from  the 
positive  pole  of  a  battery  to  the  negative  pole,  the  opera- 
tion is  termed  a  "  conduotive  *'  disoharge.  The  laws 
of  the  conductive  discharge  are  explained  in  Lessons 
XXIX.  and  XXX. 

283.  Gonveotive  Discharge. — A  third  kind  of 
discharge,  differing  from  either  of  those  above  mentioned, 
may  take  place,  and  occurs  chiefly  when  electricity  of  a 
high  potential  discharges  itself  at  a  pointed  conductor 
by  accumulating  there  with  so  great  a  density  as  to 
electrify  the  neighbouring  particles  of  air ;  these  particles 
then  flying  off  by  repulsion,  conveying  away  part  of  the 
charge  with  them.  Such  convective  discharges  may 
occur  either  in  gases  or  in  liquids,  but  are  best  mani- 
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fested  in  air  and  other  gases  at  a  low  pressure,  in  tubes 
exhausted  by  an  air  pump. 

The  discharge  of  a  quantity  of  electricity  in  any  of 
the  above  ways  is  always  accompanied  by  a  transform- 
ation of  its  energy  into  energy  of  some  other  kind, — 
sound,  light,  heat,  chemical  actions,  and  other  pheno- 
mena being  produced.  These  effects  must  be  treated  in 
detail 

2d4.  MeohaniocJ  Effeota  —  Chief  amongst  the 
mechanical  effects  of  the  disruptive  spark  discharge  is 
the  shattering  and  piercing  of  glass  and  other  insulators. 
The  dielectric  strength  of  glass,  though  much  greater 
than  that  of  air,  is  not  infinitely  great.  A  slab  of  glass 
3  inches  thick  has  been  pierced  by  the  discharge  of  a 
powerful  induction-coil.  The  so-called  "toughened" 
glass  has  a  greater  dielectric  strength  than  ordinary 
glass,  and  is  more  difficult  to  pierce.  A  sheet  of  glass 
may  be  readily  pierced  by  a  spark  from  a  large  Leyden 
jar  or  battery  of  jars,  by  taking  the  following  precau- 
tions : — The  glass  to  be  pierced  is  laid  upon  a  block  of 
glass  or  resin,  through  which  a  wire  is  led  by  a  suitable 
hole,  one  end  of  the  wire  being  connected  with  the  outer 
coating  of  the  jar,  the  other  being  cut  off  flush  with  the 
surface.  Upon  the  upper  surface  of  the  sheet  of  glass 
that  is  to  be  pierced  another  wire  is  fixed  upright,  its 
end  being  exactly  opposite  the  lower  wire,  the  other 
extremity  of  this  wire  being  armed  with  a  metal  knob  to 
receive  the  spark  from  the  knob  of  the  jar  or  discharger. 
To  ensure  good  insulation  a  few  drops  of  paraffin  oil,  or 
of  olive  oil,  are  placed  upon  the  glass  round  the  points 
where  the  wires  touch  it.  A  piece  of  dry  wood  similarly 
treated  is  split  by  a  powerful  spark. 

If  a  spark  is  led  through  a  tightly  corked  glass  tube 
containing  water,  the  tube  will  be  shattered  into  small 
pointed  fragments  by  the  sudden  expansion  of  the 
liquid. 

The   mechanical   action   of  the  brush   discharge  at 
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is  mentudned  in 
of  a   current  of 


points  is  mentioned  in  Art.  43,  and  the  mechanical 
effects  of  a  current  of  electricity  were  described  in 
Lesson  XIX.  v^ 

285.  Lullin's  Ezperixnent. — If  a  piece  of  card- 
board be  perforated  by  a  spark  between  two  metal  points, 
two  curious  facts  are  observed.  Firstly^  there  is  a  slight 
burr  raised  on  each  side,  as  if  the  hole  had  been  pierced 
from  the  middle  outwards.  Secondly^  if  the  two  points 
are  not  exactly  opposite  one  another  the  hole  is  found 
to  be  nearer  the  negative  point.  But  if  the  experiment 
is  tried  under  the  air  pump  in  a  vacuum,  there  is  no 
such  displacement  of  the  hole;  it  is  then  midway 
exactly. 

286.  Ohemioal  Effeota — The  chemical  actions 
produced  by  curreiits  of  electricity  have  been  described 
in  Lessons  XIV.  and  XVIII.  Similar  actions  can  be 
produced  by  the  electric  spark,  and  by  the  silent  glow 
discharge  (see  Art.  290).  Faraday  showed,  indeed,  that 
all  kinds  of  electricity  from  different  sources  produced  the 
same  kinds  of  chemical  actions,  and  he  relied  upon  this 
as  one  proof  of  the  essential  identity  of  the  electricity 
produced  in  different  ways.  If  sparks  from  an  electric 
machine  are  received  upon  a  piece  of  white  blotting- 
paper  moistened  with  a  solution  of  iodide  of  potassium, 
brown  patches  are  noticed  where  the  spark  has  effected 
a  chemical  decomposition  and  liberated  the  iodine. 

When  a  stream  of  sparks  is  passed  through  moist  air 
in  a  vessel,  the  air  is  found  to  have  acquired  the  property 
of  changing  to  a  red  colour  a  piece  of  paper  stained 
blue  with  litmus.  This,  Cavendish  showed,  was  due  to 
the  presence  of  nitric  acid,  produced  by  the  chemical 
union  of  the  nitrogen  and  oxygen  of  the  air.  The  effect 
is  best  shown  with  the  stream  of  sparks  yielded  by  a 
small  induction  coil  (Fig.  148),  in  a  vessel  in  which  the 
air  has  been  compressed  beyond  the  usual  atmospheric 
pressure. 

The  spark  will  decompose  ammonia  gas,  and  olefiant 
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gas,  and  it  will  also  cause  chemical  combination  to  take 
place  with  explosion,  when  passed  through  detonating 
mixtures  of  gases.  Thus  equal  volumes  of  chlorine  and 
hydrogen  are  exploded  by  the  spark.  So  are  oxygen  and 
hydrogen  gases,  when  mixed  in  the  proportion  of  two 
volumes  of  the  latter  to  one  of  the  former.  Even  the 
explosive  mixture  of  common  coal  gas  mixed  with  from 
four  to  ten  times  its  own  volume  of  common  air,  can  be 
thus  detonated.  A  common  experiment  with  the  so- 
called  ^/^^rrV//>/^/  consists  in  filling  a  small  brass  vessel 
with  detonating  gases  and  then  exploding  them  by  a 
spark.  The  spark  discharge  is  sometimes  applied  to 
the  firing  of  blasts  and  mines  in  military  operations,  a 
small  quantity  of  fulminating  powder  being  placed  in 
the  path  of  the  spark  to  kindle  the  larger  charge  of 
gunpowder  or  other  explosive.     (See  also  Art.  370.) 

287.  Physiologioal  Effects. — The  physiological 
effects  of  the  current  have  been  described  in  Lesson 
XIX.  Those  produced  by  the  spark  discharge  are  more 
sudden  in  character,  but  of  the  same  general  nature. 
The  bodies  of  persons  killed  by  the  lightning  spark 
frequently  exhibit  markings  of  a  reddish  tint  where  the 
discharge  in  passing  through  the  tissues  has  lacerated  or 
destroyed  them.  Sometimes  these  markings  present  a 
singular  ramified  appearance,  as  though  the  discharge 
had  spread  in  streams  over  the  surface  at  its  entry. 

288.  Galoriflo  Effeota — The  flow  of  electricity 
through  a  resisting  medium  is  in  every  case  accompanied 
by  an  evolution  of  heat.  The  laws  of  heating  due  to 
currents  are  given  in  Art.  367.  The  disruptive  discharge 
is  a  transfer  of  electricity  through  a  mediimi  of  great 
resistance  and  accompanied  by  an  evolution  of  heat. 
A  few  drops  of  ether  in  a  metallic  spoon  are  easily 
kindled  by  an  electric  spark*  The  spark  from  an  electric 
machine,  or  even  from  a  rubbed  glass  rod,  is  hot  enough 
to  kindle  an  ordinary  gas-jet.  In  certain  districts  of 
America,  during  the  driest  season  of  the  year,  the  mere 
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rubbing  of  a  person's  shoes  against  the  carpet,  as  he 
shuffles  across  the  floor,  generates  sufficient  electricity  to 
enable  sparks  to  be  drawn  from  his  body,  and  he  may 
light  the  gas  by  a  single  spark  from  his  outstretched 
finger.  Gunpowder  can  be  fired  by  the  discharge  of  a 
Leyden  jar,  but  the  spark  should  be  retarded  by  being 
passed  through  a  wet  thread,  otherwise  the  powder  will 
simply  be  scattered  by  the  spark. 

The  Electric  Air-  Thermometer^  invented  by  Kin- 
nersley,^  serves  to  investigate  the  heating  powers  of  the 
discharge.  It  consists  of  a  glass  vessel  enclosing  air, 
and  communicating  with  a  tube  partly  filled  with  water 
or  other  liquid,  in  order  to  observe  changes  of  volume  or 
of  pressure.  Into  this  vessel  are  led  two  metal  rods, 
between  which  is  suspended  a  thin  wire,  or  a  filament 
of  gilt  paper ;  or  a  spark  can  be  allowed  simply  to  cross 
between  them.  When  the  discharge  passes  the  enclosed 
air  is  heated,  expands,  and  causes  a  movement  of  the 
indicating  column  of  liquid.  Mascart  has  further  de- 
veloped the  instrument  by  maldng  it  self- registering. 
The  results  of  observation  with  these  instruments  are 
as  follows  : — The  heating  effect  produced  by  a  given 
charge  in  a  wire  of  given  length  is  inversely  proportional 
to  the  square  of  the  area  of  the  cross  section  of  the  wire. 
The  heating  effect  is  greater,  the  slower  the  discharge. 
The  total  heat  evolved  is  jointly  proportional  to  the 
charge,  and  to  the  potential  through  which  it  falls.  In 
fact,  if  the  entire  energy  of  the  discharge  is  expended 
in  producing  heat,  and  in  doing  no  other  kind  of  work, 
then  the  heat  developed  will  be  the  thermal  equivalent 

of  \  QV,  or  will  be  ^      units  of  heat,  where  J  repre- 
sents  the  mechanical  equivalent  of  heat,  (J  =  42  million  ; 

1  This  instrument  differs  in  no  essential  respect  from  that  devised  ninety 
years  later  by  Riess,  to  whom  the  instrument  is  often  accredited.  Riess, 
however,  deduced  quantitative  laws,  while  Kinnersley  contented  him- 
self with  qualitative  observations.  Snow  Harris  also  anticipated  Riess  in 
several  points  of  hb  researches. 


) 

CHAP.  IV.]    ELECTRICITY  AND  MAGNETISM.  241 

since  42  x  10*  ergs  •=  i  gramme-water-degree  of  heat), 
and  Q  and  V  are  expressed  in  C.  G.  S.  units. 

When  a  powerful  discharge  takes  place  through  very 
thin  wires,  they  may  be  heated  to  redness,  and  even 
fused  by  the  heat  evolved.  Van  Marum  thus  once 
heated  70  feet  of  wire  by  a  powerful  discharge.  A 
narrow  strip  of  tinfoil  is  readily  fused  by  the  charge  of 
a  large  Leyden  jar,  or  battery  of  jars.  A  piece  of  gold 
leaf  is  in  like  manner  volatilised  under  the  sudden  heat- 
ing of  a  powerful  discharge ;  and  Franklin  utilised  this 
property  for  a  rude  process  of  multiplying  portraits  or 
other  patterns,  which,  being  first  cut  out  in  card,  were 
reproduced  in  a  silhouette  of  metallic  particles  on  a 
second  card,  by  the  device  of  laying  above  them  a  film 
of  gold  or  silver  leaf  covered  again  with  a  piece  of  card 
or  paper,  and  then  transmitting  the  charge  of  a  Leyden 
battery  through  the  leaf  between  the  knobs  of  a  universal 
discharger. 

289.  Luminous  Effeots. — The  luminous  effects 
of  the  discharge  exhibit  many  beautiful  and  interesting 
variations  under  different  conditions.  The  spark  of  the 
disruptive  discharge  is  usually  a  thin  brilliant  streak  of 
light.  When  it  takes  place  between  two  metallic  balls, 
separated  only  by  a  short  interval,  it  usually  appears 
as  a  single  thin  and  brilliant  line.  If,  however,-  the 
distance  be  as  much  as  a  few  centimetres,  the  spark 
takes  an  irregular  zig-zag  form.  In  any  case  its  path  is 
along  the  line  of  least  resistance,  the  presence  of  minute 
motes  of  dust  floating  in  the  air  being  quite  sufficient  to 
determine  the  zig-zag  character.  In  many  cases  the 
spark  exhibits  curious  ramifications  and  forkings,  of 
which  an  illustration  is  given  in  Fig.  107,  which  is  drawn 
of  one  eighth  of  the  actual  size  of  the  spark  obtained 
from  a  Cuthbertson's  electrical  machine.  The  discharge 
from  a  Leyden  jar  affords  a  much  brighter,  shorter, 
noisier  spark  than  the  spark  drawn  direct  from  the 
collector  of  a  machine.     The   length   (see  Art  291) 
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depends  upon  the  potential,  and  upon  the  pressure  and 
temperature  of  the  air  in  which  the  dischai^e  takes 
place.     The  brilliance  depends  chiefly  upon  the  quantity 


Fig.  ,o7- 

of  electricity  discharged.  The  colour  of  the  spark  varies 
with  the  nature  of  the  metal  surfaces  between  which 
the  discharge  takes  place.  Between  copper  or  silver 
terminals  the  spark  takes  a  green  tint,  while  between 
iron  knobs,  it  is  of  a  reddish  hue.  Examination  with 
the  spectroscope  reveals  the  presence  in  the  spark  of  the 
rays  characteristic  of  the  incandescent  vapours  of  the 
several  metals ;  for  the  spark  tears  away  in  its  passage 
small  portions  of  the  metal  surfaces,  and  volatilises 
them. 

20O.  Brush  Dlsohar^:  Qlow  Dlscbarsce. —  If 
an  electric  machine  is  vigorously  worked,  but  no  sparks 
be  drawn  from  its  collector,  a  fine  diverging  brush  of 
pale  blue  light  can  be  seen  (in  a  dark  room)  streaming 
from  the  brass  ball  at  the  end  of  it  farthest  fi-om  the 
collecting  comb  ;  a  hissing  or  crackling  sound  always 
accompanies  this  kind  of  discharge.  The  brush  dis- 
charge consists  of  innumerable  fine  twig-like  ramifications,  - 
presenting  a  form  of  which  Fig.  io8  gives  a  fine  example. 
The  brightness  and  size  of  the  brush  is  increased  by 
holding  a  flat  plate  of  metal  a  little  way  from  it.  With 
a  smaller  ball,  or  with  a  bluntly  pointed  wire,  the  brush 
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appears  smaller,  but  is  more  distinct  and  continuous. 
The  brush  discharge  is  larger  and  more  ramified  when  a 
positive  charge  is  escaping,  than  when  the  electrification 


is  negative.  Wheatstone  found  by  using  his  rotating 
mirror  that  the  brush  discharge  is  really  a  series  of 
successive  partial  spaxlcs  at  rapid  intervals. 

If  the  blunt  or  rounded  conductor  be  replaced  by  a 
pointed  one,  the  brush  disappears  and  gives  place  to  a 
quiet  and  continuous  gl/rm  where  the  electrified  particles 
of  air  are  streaming  away  at  the  point.  If  these  con- 
vection-streams are  impeded  the  glow  may  once  more 
give  place  to  Che  brush.  '  Where  a  negative  charge  is 
being  discharged  at  a  point,  the  glow  often  appears  to 
be  separated  from  the  surface  of  the  conductor  by  a  dark 
space,  where  the  air,  without  becoming  luminous,  still 
conveys  the  electricity.  This  phenomenon,  to  which 
Faraday  gave  the  name  of  the  "  dark  "  discharge,  is  very 
well  seen  when  electricity  is  discharged  through  rarefied 
air  and  other  gases  in  vacuum  tubes. 

201.  Iiengtb  of  SparkB. — Roughly  speaking,  the 
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length  of  spark  between  two  conductors  increases  with 
the  difference  between  their  potentials.  It  is  also  found 
to  increase  when  the  pressure  of  the  air  is  diminished. 
Riess  found  the  distance  to  increase  in  a  proportion  a 
little  exceeding  that  of  the  difference  of  potentials.  Sir 
W.  Thomson  measured  by  means  of  an  "  absolute  elec- 
trometer "  (Art.  261)  the  difference  of  potential  necessary 
to  produce  a  spark  discharge  between  two  parallel  plates 
at  different  distances.  His  precise  experiments  confirm 
Riess's  observation.  Thus,  to  produce  a  spark  at  •!  of 
a  millimetre  distance,  the  difference  of  potential  must  be 
27  (arbitrary)  units ;  at  •$  millim.  7*3  units ;  at  i  millim. 
12*6  units;  and  at  1*5  millims.  17*3  units.  De  la  Rue 
and  MUUer  have  found  with  their  great  battery  (Art.  1 74) 
that  with  a  difference  of  potential  of  1000  volts  the  strik- 
ing distance  of  the  spark  was  only  '0127  centimetres  (or 
about  7)7  of  an  inch),  and  with  a  difference  of  10,000 
volts  only  1*369.  Their  1 1,000  silver  cells  gave  a  spark 
of  1*59  centim.  (about  §  of  an  inch)  long.  To  produce 
a  spark  one  mile  long,  through  air  at  the  ordinary 
pressure,  would  therefore  require  a  difference  of  potential 
exceeding  that  furnished  by  1,000,000,000  DanielFs  cells ! 

The  length  of  the  spark  differs  in  different  gases,  being 
nearly  twice  as  long  in  hydrogen  as  in  air  at  the  same 
density,  and  longer  in  air  than  in  carbonic  acid  gas. 

In  rarefied  air  the  spark  is  longer.  Snow  Harris 
stated  that  the  length  of  spark  was  inversely  proportional 
to  the  pressure,  but  this  law  is  not  quite  correct,  being 
approximately  true  only  for  pressures  between  that  of 
eleven  inches  of  mercury  and  that  of  30  inches  (one 
atmosphere).  At  lower  pressures,  as  Gordon  has  lately 
shown,  a  greater  difference  of  potential  must  be  used  to 
produce  a  spark  than  that  which  would  accord  with 
Harris's  law.  From  this  it  would  appear  that  thin 
layers  of  air  oppose  a  proportionally  greater  resistance 
to  the  piercing  power  of  the  spark  than  thick  layers,  and 
possess  greater  dielectric  strength. 
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A  perfect  vacuum  is  a  perfect  insulator — no  spark  will 
cross  it.  It  is  possible  to  exhaust  a  tube  so  perfectly 
that  none  of  our  electric  machines  or  appliances  can 
send  a  spark  through  the  vacuous  space  even  over  so 
short  a  distance  as  one  centimetre. 

On  the  other  hand  a  great  increase  of  pressure  also 
increases  the  dielectric  strength  of  air,  and  causes  it  to 
resist  the  passage  of  a  spark.  Cailletet  compressed  dry 
air  at  40  to  50  atmospheres'  pressure,  and  found  that 
even  the  spark  of  a  powerful  induction  coil  failed  to  cross 
a  space  of  -05  centimetre  wide.  The  length  of  the  spark 
(in  air),  is  also  affected  by  temperature,  sparks  being 
longer  and  straighter  through  hot  air  than  through  cold. 

Flames  and  currents  of  very  hot  air,  such  as  those 
rising  from  a  red-hot  piece  of  iron,  are  extremely  good 
conductors  of  electricity,  and  act  even  better  than 
metallic  points  in  discharging  a  charged  conductor. 
Gilbert  showed  that  an  electrified  body  placed  near  a 
flame  lost  its  charge ;  and  the  very  readiest  way  to  rid 
the  surface  of  a  charged  body  of  low  conducting  power 
of  a  charge  imparted  to  it  by  friction  or  otherwise,  is  to 
pass  it  through  the  flame  of  a  spirit-lamp.  Faraday 
found  negative  electrification  to  be  thus  more  easily  dis- 
charged than  positive.  Flames  powerfully  negatively 
electrified  are  repelled  from  conductors,  though  not  so 
when  positively  electrified.  Sir  W.  Grove  h^s  shown 
that  a  current  is  set  up  in  a  platinum  wire^  one  end 
of  which  touches  the  tip,  and  the  other  the  base,  of  a 
flame. 

292.  Disohargres  in  Partial  Vacua. — If  the  dis- 
charge take  place  in  glass  tubes  or  vessels  from  which 
the  air  has  been  partially  exhausted,  many  remarkable 
and  beautiful  luminous  phenomena  are  produced.  A  com- 
mon form  of  vessel  is  the  "  electric  egg "  (Fig.  1 50),  a 
sort  of  oval  bottle  that  can  be  screwed  to  an  air-pump,  and 
furnished  with  brass  knobs  to  lead  in  the  sparks.  More 
often  "  vacuum  tubes,"  such  as  those  manufactured  by 
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the  celebrated  Geissler,  are  employed.  These  are  merely 
tubes  of  thin  glass  blown  into  bulbous  or  spiral  forms, 
provided  with  two  electrodes  of  platinum  wire  fused  into 
the  glass,  and  sealed  off  after  being  partially  exhausted 
of  air  by  a  mercurial  air-pump.  Of  these  Geissler  tubes 
the  most  useful  consist  of  two  bulbs  joined  by  a  very 
narrow  tube^  the  luminous  effects  being  usually  more 
intense  in  the  contracted  portion.  Such  tubes  are 
readily  illuminated  by  a  spark  from  an  electrophorus  or 
electric  machine ;  but  it  is  more  common  to  work  them 
with  the  spark  of  an  induction  coil  (Fig.  148). 

Through  such  tubes,  before  exhaustion,  the  spark  passes 
without  any  unusual  phenomena  being  produced.  As 
the  air  is  exhausted  the  sparks  become  less  sharply 
defined,  and  widen  out  to  occupy  the  whole  tube, 
becoming  pale  in  tint  and  nebulous  in  form.  The 
negative  electrode  exhibits  a  beautifid  bluish  or  violet 
glow,  separated  from  the  conductor  by  a  narrow  dark 
interval,  while  at  the  positive  electrode  a  single  small 
bright  star  of  light  is  all  that  remains.  Frequently  the 
light  breaks  up  into  a  set  of  strice^  or  patches  of  light  of 
a  cup-like  form,  which  vibrate  to  and  fro  between  darker 
spaces.  In  nitrogen  gas  the  violet  aureole  glowing 
around  the  negative  pole  is  very  bright,  the  rest  of  the 
light  being  rosy  in  tint.  In  oxygen  the  difference  is  not 
so  marked.  In  hydrogen  gas  the  tint  of  the  discharge 
is  bluish,  except  where  the  tube  is  narrow,  where  a 
beautiful  crimson  may  be  seen.  With  carbonic  acid  gas 
the  light  is  remarkably  white.  Particles  of  metal  are 
torn  off  from  the  negative  electrode,  and  projected  from 
its  surface.  The  negative  electrode  is  also  usually  the 
hotter  when  made  of  similar  dimensions  to  the  positive 
electrode.  It  is  also  observed  that  the  light  of  these 
discharges  in  vacuo  is  rich  in  those  rays  which  produce 
phosphorescence  and  fluorescence.  Many  beautiful 
effects  are  therefore  produced  by  blowing  tubes  in 
uranium  glass,  which  fluoresces  with  a  fine  green  light, 
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and  by  placing^  solutions  of  quinine  or  other  fluorescent 
liquids  in  outer  tubes  of  glass. 

293.  Phenomena  in  High  Vacua. — Crookes  has 
found  that  when  exhaustion  is  carried  to  a  very  high 
degree,  the  dark  space  separating  the  negative  glow 
from  the  negative  pole  increases  in  width ;  and  that 
across  this  space  electrified  molecules  are  projected  in 
parallel  paths  normally  to  the  surface  of  the  electrode. 
The  chief  point  relied  upon  for  this  theory  is,  that  if 
exhaustion  be  carried  to  such  a  high  degree  that  the 
dark  space  fills  the  entire  tube  or  bulb,  and  bodies 
(whether  opaque  or  transparent)  be  then  interposed  in 
front  of  the  electrode,  sharply  defined  shadows  of  these 
bodies  are  projected  upon  the  opposite  wall  of  the  vessel, 
as  if  they  stopped  the  way  for  some  of  the  flying  mole- 
cules, and  prevented  them  from  striking  the  opposite 
wall.  Lightly -poised  vanes  are  also  driven  round  if 
placed  in  the  path  of  the  discharge.  Holtz  has  more 
recently  produced  "  electric  shadows,"  by  means  of  dis- 
charges in  air  at  ordinary  pressure,  between  the  poles  of 
his  well-known  machine  (Fig.  29),  the  discharge  taking 
place  between  a  point  and  a  disc  covered  with  silk,  on 
which  the  shadows  are  thrown. 

-  294.  Striae. — The  stria  or  stratifications  have  been  examined 
very  carefully  by  Gassiot,  by  Spottiswoode,  and  by  De  la  Rue. 
The  principal  facts  hitherto  gleaned  are  as  follow  : — The  striae 
originate  at  the  positive  electrode  at  a  certain  pressure,  and 
become  more  numerous,  as  the  exhaustion  proceeds,  up  to  a 
certain  point,  when  they  become  thicker  and  diminish  in  number, 
until  exhaustion  is  carried  to  such  a  point  that  no  discharge  will 
pass.  The  striae  ate  hotter  than  the  spaces  between  them.  The 
number  and  position  of  the  striae  vary,  not  only  with  the  exhaus- 
tion but  with  the  difference  of  potentials  of  the  electrodes.  When 
striae  are  produced  by  the  intermittent  discharges  of  the  induction 
coil,  examination  of  them  in  a  rotating  mirror  reveals  that  they 
move  forward  from  the  positive  electrode  towards  the  negative. 

Schuster  has  recently  shown  that  the  discharge  of  electricity 
through  gases  is  a  process  resembling  that  of  electrolysis  (Art. 
418),  being  accompanied  by  breaking  up  of  the  gaseous  mole- 
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cules  and  incessant  interchanges  of  atoms  between  them.  The 
production  of  ozone  (Art.  298)  and  the  phenomena  noticed  at  the 
negative  electrode  (Art.  292)  certainly  give  support  to  this  view. 
The  discharges  in  vacuum  tubes  are  affected  by  the  magnet 
at  all  degrees  of  exhaustion,  behaving  like  flexible  conductors. 
Under  certain  conditions  also,  the  discharge  is  sensitive  to  the 
presence  of  a  conductor  on  the  exterior  of  the  tube,  retreating 
from  the  side  where  it  is  touched.  This  sensitive  state  appears 
to  be  due  to  a  periodic  intermittence  in  the  discharge ;  an  inter- 
mittence  or  partial  intermittence  in  the  flow  would  also  probably 
account  for  the  production  of  striae. 

295.  Eleotrio  Oscillationa — Feddersen  examined 
the  spark  of  a  Leyden  jar  by  means  of  a  rotating  mirror, 
and  found  that  instead  of  being  a  single  instantaneous 
discharge,  it  exhibited  ^  certain  definite  fluctuations. 
With  very  small  resistances  in  the  circuit,  there  was  a  true 
oscillation  of  the  electricity  backward  and  forward  for 
a  brief  time,  these  alternate  partial  discharges  being 
probably  due  to  the  self-indhction  of  the  circuit.  With 
a  certain  higher  resistance  the  discharge  became  con- 
tinuous but  not  instantaneous.  With  a  still  higher 
resistance,  the  discharge  consisted  of  a  series  of  partial 
intermittent  discharges,  following  one  another  in  the 
same  direction.  Such  sparks  when  viewed  in  the  rotating 
mirror  showed  a  series  of  separate  images  at  nearly 
equal  distances  apart.  The  period  of  the  oscillations 
was  found  to  be  proportional  to  the  square  root  of  the 
capacity  of  the  condenser. 

206.  Velocity  of  Propaeration  of  Discharge. — 
The  earliest  use  of  the  rotating  mirror  to  analyse  phe- 
nomena of  short  duration  was  made  by  Wheatstone, 
who  attempted  by  this  means  to  measure  "  the  velocity 
of  electricity  "  in  conducting  wires.  What  he  succeeded 
in  measuring  was  not,  however,  the  velocity  of  electricity ^ 
but  the  time  taken  by  a  certain  quantity  of  electricity 
to  flow  through  a  conductor  of  considerable  resistance 
and  capacity.     Viewed  in  a  rotating  mirror,  a  spark  of 

1  This  phenomenon  of  oscillation  was  predicted  from  purely  theoretical  con< 
siderations,  arising  out  of  the  equations  of  self-induction,  by  Sir.  W.  Thomson. 
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definite  duration  would  appear  to  be  drawn  out  into  an 
elongated  streak.  Such  an  elongation  was  found  to  be 
visible  when  a  Leyden  jar  was  discharged  through  a 
copper  wire  half  a  mile  long ;  and  when  the  circuit  was 
interrupted  at  three  points,  one  in  the  middle  and  one  at 
each  end  of  this  wire,  three  sparks  were  obtained,  which, 
viewed  in  the  mirror,  showed  a  lateral  displacement, 
indicating  (with  the  particular  rate  of  rotation  employed) 
that  the  middle  spark  took  place  ^^^  of  a  second 
later  than  those  at  the  ends.  Wheatstone  argued  from  this 
a  velocity  of  288,000  miles  per  second.  But  Faraday 
showed  that  the  apparent  rate  of  propagation  of  a 
quantity  of  electricity  must  be  affected  by  the  capacity 
of  the  conductor ;  and  he  even  predicted  that  since  a 
submerged  insulated  cable  acts  like  a  Leyden  jar  (see 
Art.  274),  and  has  to  be  charged  before  the  potential 
at  the  distant  end  can  rise,  it  retards  the  apparent  flow 
of  electricity  through  it.  Professor  Fleeming  Jenkin 
says  of  one  of  the  Atlantic  cables,  that,  after  contact 
with  the  battery  is  made  at  one  end,  no  effect  can  be 
detected  at  the  other  for  two -tenths  of  a  second,  and 
that  then  the  received  current  gradually  increases,  until 
about  three  seconds  afterwards  it  reaches  its  maximum, 
and  then  dies  away.  This  retardation  is  proportional 
to  the  square  of  the  length  of  the  cable  as  well  as  to 
its  capacity  and  to  its  resistance ;  hence  it  becomes 
very  serious  on  long  cables,  as  it  reduces  the  speed 
of  signalling.  There  is  in  ^ct  no  definite  assignable 
"  velocity  of  electricity." 

A  very  simple  experiment  will  enable  the  student  to 
realise  the  excessively  short  duration  of  the  spark  of  a 
Leyden  jar.  Let  a  round  disc  of  cardboard  painted 
with  black  and  white  sectors  be  rotated  very  rapidly  so 
as  to  look  by  ordinary  light  like  a  mere  gray  surface. 
When  this  is  illuminated  by  the  spark  of  a  Leyden  jar  it 
appears  to  be  standing  absolutely  still,  however  rapidly 
it  may  be  turning.     A  flash  of  lightning  is  equally  in- 
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stantaneous ;   it   is   utterly  impossible  to  determine  at 
which  end  the  flash  begins  .^ 

297.  Eleotrio  Duflt-flgTireB. — Electricity  may  creep 
slowly  over  the  surface  of  bad  conductors.  Lichtenberg 
devised  an  ingenious  way  of  investigating  the  distribution 
of  electricity  by  means  of  certain  dust-figures.  The 
experiment  is  very  easy.  Take  a  charged  Leyden  jar 
and  write  with  the  knob  of  it  upon  a  cake  of  shellac 
or  a  dry  sheet  of  glass.      Then  sift,  through  a  bit  of 


muslin,  over  the  cake  of  shellac  a  mixture  of  powdered 
red  lead  and  sulphur  (vermilion  and  lycopodium  powder 
answer  equally  well).  The  powders  in  this  process  rub 
against  one  another,  the  red  lead  becoming  +,  the 
sulphur  - .  Hence  the  sulphur  will  be  attracted  to 
those  parts  where  there  is  +  electrification  on  the  disc, 
and  settles  down  in  curious  branching  yellow  streaks  like 
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those  shown  in  Fig.  109,  The  red  lead  settles  down  in 
httle  red  heaps  and  patches  where  the  electrification  is 
negative.  Fig.  no  shows  the  general  appearance  of 
the  Ucktenbergs  figure  produced  by  holding  the  knob  of 


Fig.  170. 

the  Leyden  jar  at  the  centre  of  a  shellac  plate  that  has 
previously  been  rubbed  with  flannel,  the  negative  elec- 
trification being  attracted  upon  all  sides  toward  the 
central  positive  charge. 

Powdered  tourmaline,  warmed  and  then  sifted  over  a 
sheet  of  glass  previously  electrified  irregularly,  wilt  show 
similar  figures,  though  not  so  well  defined. 

Breathfigures  can  be  made  by  electrifying  a  coin  or 
other  piece  of  metal  laid  upon  a  sheet  of  dry  glass, 
and  then  breathing  upon  the  glass  where  the  coin  lay, 
revealing  a  faint  image  of  it  on  the  sur&ce  of  the  glass. 

206.  Production  of  Ozone, — Whenever  an  elec- 
tric machine  is  worked  a  peculiar  odour  is  perceived. 
This  was  formerly  thought  to  be  evidence  of  the  e: ' 
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of  an  electric  "effluvium"  or  fluid ;  it  is  now  known  to  be 
due  to  the  presence  of  ozone,  a  modified  form  of  oxygen 
gas,  which  differs  from  oxygen  in  being  denser,  more 
active  chemically,  and  in  having  a  characteristic  smell. 
The  discharge  of  the  Holtz- machine  and  that  of  the 
induction  coil  are  particularly  favourable  to  the  pro- 
duction of  this  substance. 

299.  Dissipation  of  Charsre. — However  well  in- 
sulated a  charged  conductor  may  be,  and  however  dry 
the  surrounding  air,  it  nevertheless  slowly  loses  its 
charge,  and  in  a  few  days  will  be  found  to  be  completely 
discharged.  The  rate  of  loss  of  charge  is,  however,  not 
uniform.  It  is  approximately  proportional  to  the  dif- 
ference of  potential  between  the  body  and  the  earth. 
Hence  the  rate  of  loss  is  greater  at  first  than  afterwards, 
and  is  greater  for  highly  charged  bodies  than  for  those 
feebly  charged.  The  law  of  dissipation  of  charge 
therefore  resembles  Newton's  law  of  cooling,  according 
to  which  the  rate  of  cooling  of  a  hot  body  is  propor- 
tional to  the  difference  of  temperature  between  it  and 
the  surrounding  objects.  If  the  potential  of  the  body 
be  measured  at  equal  intervals  of  time  it  will  be  found 
to  have  diminished  in  a  decreasing  geometric  series ; .  or 
the  logarithms  of  the  potentials  at  equal  intervals  of  time 
will  differ  by  equal  amounts. 

This  may  be  represented  by  the  following  equation  : 

where  Vq  represents  the  original  potential  and  Vt  the  potential 
after  an  interval  /.  Here  e  stands  for  the  number  2*71828  . .  . 
(the  base  of  the  natural  logarithms),  and  /  stands  for  the  "co- 
efficient of  leakage,"  which  depends  upon  the  temperature, 
pressure,  and  humidity  of  the  air. 

The  rate  of  loss  is,  however,  greater  at  negatively 
electrified  surfaces  than  at  positive. 

800.  Positive  and  Negrative  Electrification. — 
The  student  will  not  have  failed  to  notice  throughout 
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this  Le?son  frequent  differences  between  the  behaviour 
of  positive  and  negative  electrification.  The  striking  dis- 
similarity in  the  Lichtenberg's  figures,  the  displacement 
of  the  perforation  -  point  in  Lullin's  experiment,  the 
unequal  tendency  to  dissipation  at  surfaces,  the  remark- 
able differences  in  the  various  forms  of  brush  and  glow 
discharge,  are  all  points  that  claim  attention.  Gassiot 
described  the  appearance  in  vacuum  tubes  as  of  a  force 
emanating  from  the  negative  pole.  Crookes's  experi- 
ments in  high  vacua  show  molecules  to  be  violently 
discharged  from  the  negative  electrode,  the  vanes  of  a 
little  fly  enclosed  in  such  tubes  being  moved  from  the 
side  struck  by  the  negative  discharge.  Holtz  found  that 
when  funnel-like  partitions  were  fixed  in  a  vacuum  tube 
the  resistance  is  much  less  when  the  open  mouths  of  the 
funnels  face  the  negative  electrode.  These  matters  are 
yet  quite  unaccounted  for  by  any  existing  theory  of 
electricity. 

The  author  of  these  Lessons  is  disposed  to  take  the  following  view  on  this 
point : — If  electricity  be  really  ons  and  not  /nw,  either  the  so-called  ^otitiot 
or  the  negative  electrification  must  be  a  state  in  which  tibere  is  mare  electridty 
than  in  the  surrounding  space,  and  the  other  must  be  a  state  in  which  there 
is  less.  The  student  was  told,  in  Art.  6,  that  in  the  present  state  of  the  science 
we  do  not  know  for  certain  whether  "  positive  "  electrification  is  really  an 
excess  of  electricity  or  a  defect.  Now  some  of  the  phenomena  alluded  to  in 
this  Article  seem  to  indicate  that  the  so-called  "n^[ative"  electrification 
really  is  the  state  of  excess.  In  particular,  the  fact  that  the  rate  of  dissipa- 
tion of  chaige  is  greater  for  negative  electrification  than  for  positive,  points 
this  way ;  because  the  law  of  loss  of  chaige  is  the  exact  counterpart  of  the 
law  of  Uie  loss  of  heat,  in  which  it  is  quite  certain  that,  for  equal  differences 
of  temperature  between  a  body  and  its  surroundings,  the  rate  of  loss  of  heat 
is  greater  at  higher  temperatures  than  at  lower ;  or  the  body  that  is  really 
hotter  loses  its  heat  fastest 


Lesson  XXIV. — Atmospheric  Electricity, 

SOL  The  phenomena  of  atmospheric  electricity  are 
of  two  kinds.  There  are  the  well-known  electrical  pheno- 
mena  of  thunderstorms ;  and  there  are  the  phenomena 
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of  continual  slight  electrification  in  the  air,  best  observed 
when  the  weather  is  fine.  The  phenomena  of  the  Aurora 
constitute  a  third  branch  of  the  subject. 

802.  The  Thunderstorm  an  Electrical  Pheno- 
menon.— The  detonating  sparks  drawn  from  electrical 
machines  and  from  Leyden  jars  did  not  fail  to  suggest 
to  the  early  experimenters,  Hawkesbee,  Newton,  Wall, 
NoUet,  and  Gray,  that  the  lightning  flash  and  the  thunder- 
clap were  due  to  electric  discharges.  In  1749,  Ben- 
jamin Franklin,  observing  lightning  to  possess  almost 
all  the  properties  observable  in  electric  sparks,^  suggested 
that  the  eletSric  action  of  points  (Art.  43),  which  was 
discovered*  by  him,  might  be  tried  on  thunderclouds, 
and  so  draw  from  them  a  charge  of  electricity.  He 
proposed,  therefore,  to  fix  a  pointed  iron  rod  to  a  high 
tower.  Before  he  could  carry  his  proposal  into  effect, 
Dalibard,  at  Marly-la-ville,  near  Paris,  taking  up  Franklin's 
hint,  erected  an  iron  rod  40  feet  high,  by  which,  in  1752, 
he  succeeded  in  drawing  sparks  from  a  passing  cloud. 
Franklin  shortly  after  succeeded  in  another  way.  He 
sent  up  a  kite  during  the  passing  of  a  storm,  and  found 
the  wetted  string  to  conduct  electricity  to  the  earth,  and 
to  yield  abundance  of  sparks.  These  he  drew  from  a 
key  tied  to  the  string,  a  silk  ribbon  being  interposed 
between  his  hand  and  the  key  for  safety.  Leyden  jars 
could  be  charged,  and  all  other  electrical  effects  pro- 
duced, by  the  sparks  furnished  from  the  clouds.  The 
proof  of  the  identity  was  complete.  The  kite  experi- 
ment was  repeated  by  Romas,  who  drew  from  a  metallic 

1  Franklin  enumerates  specifically  an  agreement  between  electricity  and 
lightning  in  the  following  respects : — Giving  light ;  colour  of  the  light ; 
crooked  direction;  swift  motion;  being  conducted  by  metals;  noise  in 
exploding;  conductivity  in  water  and  ice;  rending  imperfect  conductors; 
destroying  animals ;  melting  metals ;  firing  inflammable  substances ;  sul- 
phtureous  smell  (due  to  ozofUt  ^&  we  now  know) ;  and  he  had  previously  found 
that  needles  could  be  magnetised  both  by  lightning  and  by  the  electric  spark. 
He  also  drew  attention  to  the  similarity  between  the  pale-blue  flame  seen 
during  thundery  weather  playing  at  the  tips  of  the  masts  of  ships  (called  by 
sailors  St.  Ehno's  Fire),  and  the  "glow"  discharge  at  points. 
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string  sparks  9  feet  long,  and  by  Cavallo,  who  made 
many  important  observations  on  atmospheric  electricity. 
In  1753  Richmann,  of  St.  Petersburg,  who  was  experi- 
menting with  an  apparatus  resembling  that  of  Dalibard, 
was  struck  by  a  sudden  discharge  and  killed. 

803.  Theory  of  Thunderstorms.  —  Solids  and 
liquids  cannot  be  charged  throughout  their  substance ; 
if  charged  at  all  the  electricity  is  upon  their  surface  (see 
Art.  29).  But  gases  and  vapours,  being  composed  of 
myriads  of  separate  particles,  can  receive  a  bodily  charge. 
The  air  in  a  room  in  which  an  electric  machine  is 
worked  is  found  afterwards  to  be  charged.  The  clouds 
are  usually  charged  more  or  less  with  electricity,  derived, 
probably,  from  evaporation  ^  going  on  at  the  earth's 
surface.  The  minute  particles  of  water  floating  in  the 
air  being  better  conductors  than  the  air  itself  become 
more  highly  charged.  As  they  fall  by  gravitation  and 
unite  together,  the  strength  of  their  charges  increases. 
Suppose  eight  small  drops  to  join  into  one.  That  one 
will  have  eight  times  the  quantity  of  electricity  dis- 
tributed over  the  surface  of  a  single  sphere  of  twice  the 
radius  (and,  therefore,  of  twice  the  capacity,  by  Art.  247) 
of  the  original  drops ;  and  its  electrical  potential  will 
therefore  be  four  times  as  great.  Now  a  mass  of  cloud 
may  consist  of  such  charged  spheroids,  and  its  potential 
may  gradually  rise,  therefore,  by  the  coalescence  of  the 
drops,  and  the  electrification  at  the  lower  surface  of  the 
cloud  will  become  greater  and  greater,  the  surface  of  the 
earth  beneath  acting  as  a  condensing  plate  and  becom- 
ing inductively  charged  with  the  opposite  kind  of  elec- 
trification. Presently  the  diflference  of  potential  becomes 
so  great  that  the  intervening  strata  of  air  give  way  under 
the  strain,  and  a  disruptive  discharge  takes  place  at  the 
point  where  the  air  offers  least  resistance.  This  light- 
ning spark,  which  may  be  more  than  a  mile  in  length, 
discharges  only  the  electricity  that  has  been  accumulat- 

1  Sec  Art  63. 
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ing  at  the  surface  of  the  doud,  and  the  other  parts  of 
the  cloud  will  now  react  upon  the  discharged  portion, 
producing  internal  attractions  and  internal  discharges. 
The  internal  actions  thus  set  up  will  account  for  the 
usual 'appearance  of  a  thundercloud,  that  it  is  a  well- 
defined  flat-bottomed  mass  of  cloud  which  appears  at  the 
top  to  be  boiling  or  heaving  up  with  continual  move- 
ments. 

304.  Li^rhtnins  and  Thunder. — Three  kinds  of 
lightning  have  been  distinguished  by  Arago :  (i.)  The 
Zig-zag  flash  or  "  Forked  lightningy^  of  ordinary  occur- 
rence. The  zig-zag  form  is  probably  due  either  to  the 
presence  of  solid  particles  in  the  air  or  to  local  electrifi- 
cation at  certain  points,  making  the  crooked  path  the 
one  of  least  resistance,  (ii.)  Sheet  lightningy  in  which 
whole  surfaces  are  lit  up  at  once,  is  probably  only  the 
reflection  on  the  clouds  of  a  flash  taking  place  at  some 
other  part  of  the  sky.  It  is  often  seen  on  the  horizon  at 
night,  reflected  from  a  storm  too  far  away  to  produce 
audible  thunder,  and  is  then  known  as  "  summer  light- 
ning." (iii.)  Globular  lightnings  in  the  form  of  balls  oj 
fire,  which  move  slowly  along  and  then  burst  with  a 
sudden  explosion.  This  form  is  very  rare,  but  must  be 
admitted  as  a  real  phenomenon,  though  some  of  the 
accounts  of  it  are  greatly  exaggerated.  Similar  phe- 
nomena on  a  small  scale  have  been  produced  (though 
usually  accidentally)  with  electrical  apparatus.  Cavallo 
gives  an  account  of  a  fireball  slowly  creeping  up  the 
brass  wire  of  a  large  highly  charged  Leyden  jar,  and 
then  exploding  as  it  descended ;  and  Plants  has  recently 
observed  similar  but  smaller  globular  discharges  from 
his  "rheostatic  machine"  charged  by  powerful  second- 
ary batteries. 

The  sound  of  the  thunder  may  vary  with  the  con- 
ditions of  the  lightning  spark.  The  spark  heats  the  air 
in  its  path,  causing  sudden  expansion  and  compression 
all  round,  followed  by  as  sudden  a  rush  of  air  into  the 
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partial  vacuum  thus  produced.  If  the  spark  be  straight 
and  short,  the  observer  will  hear  but  one  short  sharp  clap^ 
If  its  path  be  a  long  one  and  not  straight,  he  will  hear 
the  successive  sounds  one  after  the  other,  with  a  charac- 
teristic rattle^  and  the  echoes  from  other  clouds  will 
come  rolling  in  long  afterwards.  The  lightning-flash 
itself  never  lasts  more  than  TTniWr  of  a  second. 

The  damage  done  by  a  lightning-flash  when  it  strikes 
an  imperfect  conductor  appears  sometimes  as  a  disrup* 
tive  mechanical  disintegration,  as  when  the  masonry 
of  a  chimney-stack  or  church-spire  is  overthrown,  and 
sometimes  as  an  effect  of  heat,  as  when  bell-wires  and 
objects  of  metal  in  the  path  of  the  lightning-current  are 
fused.  The  physiological  effects  of  sudden  discharges 
are  discussed  in  Art.  226.  The  remedy  against  disaster 
by  lightning  is  to  provide  an  efficient  conductor  com- 
municating with  a  conducting  stratum  in  the  earth. 

The  "  return-stroke "  experienced  by  persons  in  the 
neighbourhood  of  a  flash  is  explained  in  Art.  26. 

806.  LifiTlitniiis  Oonductora — The  furst  suggest- 
ion to  protect  property  from  destruction  by  lightning 
was  made  by  Franklin  in  1749,  in  the  following  words : 

"  May  not  the  knowledge  of  this  power  of  points  be  of  use 
to  mankind,  in  preserving  houses,  churches,  ships,  etc.,  from 
the  stroke  of  lightning,  by  directing  us  to  fix  on  the  highest 
parts  of  those  edifices  upright  rods  of  iron  made  sharp  as  a 
needle,  and  gilt  to  prevent  rusting,  and  from  the  foot  of  those 
rods  a  wire  down  the  outside  of  the  building  into  the  ground, 
or  round  one  of  the  shrouds  of  a  ship,  and  down  her  side  till 
it  reaches  the  water  ?  Would  not  these  pointed  rods  probably 
draw  the  electrical  fire  silently  out  of  a  cloud  before  it  came 
nigh  enough  to  strike,  and  thereby  secure  us  from  that  most 
sudden  and  terrible  mischief." 

The  four  essential  points  of  a  good  lightning-conductor 
are — (i)  that  its  apex  be  a  fine  point  elevated  above  the 
highest  point  of  the  building ;  (2)  that  its  lower  end  passes 
either  into  a  stream  or  into  wet  stratum  of  ground ;  (3) 
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that  the  conductor  between  the  apex  and  the  ground  be 
perfectly  continuous  and  of  sufficient  conducting  power ; 
(4)  that  the  leads  and  any  iron  work  or  metal  work  about 
the  roofs  or  chimneys  be  connected  by  stout  wires  with 
the  main  conductor.  Too  great  importance  cannot  be 
attached  to  the  second  and  third  of  these  essentials. 
A  copper  rod  of  one  square  centimetre  of  sectional  area 
would  probably  form  a  trustworthy  conductor.  Maxwell 
has  proposed  to  cover  houses  with  a  network  of  con- 
ducting wires,  without  any  main  conductor,  the  idea 
being  that  then  the  interior  of  the  building  will,  like 
Faraday's  hollow  cube  (Art.  31),  be  completely  pro- 
tected from  electric  force.  Preece  has  lately  calculated 
that  a  lightning-conductor  of  a  given  height  above  the 
surface  of  the  ground  will  protect  from  the  external 
action  of  electricity  a  conical  space  the  radius  of  whose 
base  is  equal  to  the  height  of  the  rod,  but  whose  side  is 
hollowed  in  the  form  of  a  quadrantal  arc. 

806.  Atmospheric  Electricity. — In  1752  Le- 
monnier  observed  that  the  atmosphere  usually  was  in 
an  electrical  condition.  Cavallo,  Beccaria,  Ceca,  and 
others,  added  to  our  knowledge  of  the  subject,  and 
more  recently  Quetelet  and  Sir  W.  Thomson  have 
generalised  from  more  careful  observations.  The  main 
result  is  that  the  air  above  the  surface  of  the  earth  is 
usually,  during  fine  weather,  positively  electrified,  or  at 
least  that  it  is  positive  with  respect  to  the  earth's 
surface,  the  earth's  surface  being  relatively  negative. 
The  so-called  measurements  of  "  atmospheric  electricity  " 
are  really  measurements  of  difference  of  potential  between 
a  point  of  the  earth's  surface,  and  a  point  somewhere  in 
the  air  above  it.  In  the  upper  regions  of  the  atmosphere 
the  air  is  highly  rarefied,  and  conducts  electricity  as  do 
the  rarefied  gases  in  Geissler's  tubes  (Art.  292).  The 
lower  air  is,  when  dry,  a  non-conductor.  The  upper 
stratum  is  believed  to  be  charged  with  +  electricity, 
while  the  earth's  surface  is  itself  negatively  charged ; 
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the  stratum  of  denser  air  between  acting  like  the 
glass  of  a  Leyden  jar  in  keeping  the  opposite  charges 
separate.  If  we  could  measure  the  electric  potential  at 
different  points  within  the  thickness  of  the  glass  of  a 
Leyden  jar,  we  should  find  that  the  values  of  the 
potential  changed  in  regular  order  from  a'  +  value  at 
one  side  to  a  —  value  at  the  other,  there  being  a  point 
of  zero  potential  about  half  way  between  the  two.  Now, 
the  air  in  fine  weather  always  gives  +  indications,  and 
the  potential  of  it  is  higher  the  higher  we  go  to 
measure  it.  Cavallo  found  more  electricity  in  the  air 
just  outside  the  cupola  of  St.  PauPs  Cathedral  than 
at  a  lower  point  of  the  building.  Sir  W.  Thomson 
found  the  potential  in  the  island  of  Arran  to  increase 
from  23  to  46  volts  for  a  rise  of  one  foot  in  level ;  but 
the  difference  of  potential  was  sometimes  eight  or  ten 
times  as  much  for  the  same  difference  of  level,  and 
changed  rapidly,  as  the  east  wind  blew  masses  of  cloud 
charged  with  +  or  —  electricity  across  the  sky.  Joule 
and  Thomson,  at  Aberdeen,  found  the  rise  of  potential 
to  be  equal  to  40  volts  per  foot,  or  i  '3  volts  per  centi- 
metre rise  of  level. 

During  fine  weather  a  negative  electrification  of  the 
air  is  extremely  rare.  Beccaria  only  observed  it  six 
times  in  fifteen  years,  and  then  with  accompanying 
winds.  But  in  broken  weather  and  during  ^aih  it  is 
more  often  —  than  +,  and  exhibits  great  fluctuations, 
changing  from  —  to  + ,  and  back,  several  times  in  half 
an  hour.  A  definite  change  in  the  electrical  conditions 
usually  accompanies  a  change  of  weather.  "  If,  when 
the  rain  has  ceased  (said  Ceca),  a  strong  excessive  (+) 
electricity  obtains,  it  is  a  sign  that  the  weather  will 
continue  fair  for  several  days." 

807.  Methods  of  Observation.  —  The  older 
observers  were  content  to  aflSx  to  an  electroscope  (with 
gold  leaves  or  pith -balls)  an  insulated  pointed  rod 
stretching  out  into  the  air  above  the  ground,  or  to  fly  a 
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kite,  or  (as  Becquerel  did)  to  shoot  into  the  air  an  arrow 
communicating  with  an  electroscope  by  a  fine  wire,  which 
was  removed  before  it  fell.  Gay  Lussac  and  Biot  lowered 
a  wire  from  a  balloon,  and  found  a  difference  of  potential 
between  the  upper  and  lower  strata  of  the  air.  None 
of  these  methods  is  quite  satisfactory,  for  they  do  not 
indicate  the  potential  at  any  one  point.  To  bring  the 
tip  of  a  rod  to  the  same  potential  as  the  surrounding  air, 
it  is  necessary  that  material  particles  should  be  discharged 
from  that  point  for  a  short  time,  each  particle  as  it 
breaks  away  carrying  with  it  a  +  or  a  ~  charge  until 
the  potentials  are  equalised  between  the  rod  and  the 
air  at  that  point.  Volta  did  this  by  means  of  a  small 
fiame  at  the  end  of  an  exploring  rod.  Sir  W.  Thomson 
has  employed  a  "  water- dropper,"  an  insulated  cistern 
provided  with  a  nozzle  protruding  into  the  air,  from 
which  drops  issue  to  equalise  the  potentials :  in  winter 
he  uses  a  small  roll  of  smouldering  touch-paper.  Dell- 
mann  adopted  another  method,  exposing  a  sphere  to 
induction  by  the  air,  and  then  insulating  it,  and  bringing 
it  within  doors  to  examine  its  charge.  Peltier  adopted 
the  kindred  expedient  of  placing,  on  or  near  the  ground, 
an  electrometer  of  the  form  shown  in  Fig.  iii,  which 
during  exposure  was  connected  to  the  ground,  then 
insulated,  then  removed  in-doors  for  examination.  This 
process  really  amounted  to  charging  the  electrometer 
by  induction  with  electricity  of  opposite  sign  to  that  of 
the  air.  The  principle  of  this  particular  electrometer 
was  explained  in  Art.  260.  Of  recent  years  the  more 
exact  electrometers  of  Sir  W.  Thomson,  particularly  the 
"  quadrant "  electrometer,  described  in  Art.  262,  the 
"  divided-ring  "  electrometer,  and  a  "  portable  "  electro- 
meter on  the  same  general  principle,  have  been  used 
for  observations  on  atmospheric  electricity.  These 
electrometers  have  the  double  advantage  of  giving 
quantitative  readings,  and  of  being  readily  adapted  to 
automatic  registration,  by  recording  photographically  the 
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a  spot  of  light  reflected  from  a  small 
mirror  attached  to  their  needle.  Using  a  water-dropping 
collector  and  a  Thomson  electrometer,  Everett  made 


Fie.  "■- 

a  series  of  observations  in  Nova  Scotia,  and  found  the 
highest  +  electrification  in  frosty  weather,  with  a  dry 
wind  chaiged  with  particles  of  ice. 

308.  Diiimal  Tariationa — Quetelet  found  that  at 
Brussels  the'  daily  indications  (during  fine  weather) 
showed  two  maxima  occurring  in  summer  at  8  a.m.  and 
9/.W.,  and  in  winter  at  lo  a.m.  a.aA6 p.m.  respectively. 
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and  two  minima  which  in  summer  were  at  the  hours  of 
3  p.m.  and  about  midnight.  He  also  found  that  in  January 
the  electricity  was  about  thirteen  times  as  strong  as  in 
June.  Observations  made  by  Prof.  B.  Stewart  at  Kew 
show  a  maximum  at  8  a.m.  in  summer  at  lo  a.m.  in 
winter,  and  a  second  minimum  at  lo  p.m.  in  summer 
and  7  p.m.  in  winter.  The  maxima  correspond  fairly 
with  hours  of  changing  temperature,  the  minima  with 
those  of  constant  temperature.  In  Paris,  M.  Mascart 
finds  but  one  maximum  just  before  midnight :  at  sun- 
rise the  electricity  diminishes  until  about  3  p.m.|  when  it 
has  reached  a  minimum,  whence  it  rises  till  nightfalL 

Our  knowledge  of  this  important  subject  is  still  very 
imperfect.  We  do  not  even  know  whether  all  the 
changes  of  the  earth's  electrification  relatively  to  the  air 
are  due  to  causes  operating  above  or  below  the  earth's 
surface.  Simultaneous  observations  at  different  places 
and  at  different  levels  are  greatly  wanted. 

309.  The  Aurora. — In  all  the  northern  regions  of 
the  earth  the  Aurora  borealisy  or  "  Northern  Lights,"  is 
an  occasional  phenomenon ;  and  within  and  near  the 
Arctic  circle  is  of  almost  nightly  occurrence.  Similar 
lights  are  seen  in  the  south  polar  regions  of  the  earth, 
and  are  denominated  Aurora  australis.  As  seen  in 
European  latitudes,  the  usual  form  assumed  by  the 
aurora  is  that  of  a  number  of  ill -defined  streaks  or 
streamers  of  a  pale  tint  (sometimes  tinged  with  red  and 
other  colours),  either  radiating  in  a  fan -like  form  from 
the  horizon  in  the  direction  of  tte  (magnetic)  north,  or 
forming  a  sort  of  arch  across  that  region  of  the  sky,  of 
the  general  form  shown  in  Fig.  112.  A  certain  flicker- 
ing or  streaming  motion  is  oflen  discernible  in  the 
streaks.  Under  very  favourable  circumstances  the 
aurora  extends  over  the  entire  sky.  The  appearance  of 
an  aurora  is  usually  accompanied  by  a  magnetic  storm 
(Art.  145),  affecting  the  compass -needles  over  whole 
regions  of  the  globe.     This  fact,  and  the  position  of  the 
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auroral  arches  and  streamers  with  respect  to  the 
magnetic  meridian,  directly  suggest  an  electric  origin 
for  the  tight, — a  conjecture  which  is  confirmed  by  the 
many  analogies  found  between  auroral  phenomena  and 


Fig.  ■«. 

those  of  discharge  in  rarefied  air  (Arts.  292  and  294). 
Yet  the  presence  of  an  aurora  does  not,  at  least  in  our 
latitudes,  affect  the  electrical  conditions  of  the  lower 
regions  of  the  atmosphere.  On  September  I,  1859,  a 
severe  magnetic  storm  occurred,  and  aurora  were 
observed  almost  all  over  the  globe ;  at  the  same  time 
a  remarkable  outburst  of  energy  took  place  in  the 
photosphere  of  the  sun  ;  hut  no  simultaneous  develop- 
ment of  atmospheric  electricity  was  recorded.  Aurora 
appear   in   greater  frequency   in  periods  of  about  iij 
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years,  which  agrees  pretty  well  with  the  cycles  of 
maximum  of  magnetic  storms  (see  Art  144)  and  of 
sun-spots. 

The  spectroscope  shows  the  auroral  light  to  be  due 
to  gaseous  matter,  its  spectrum  consisting  of  a  few 
bright  lines  not  referable  with  certainty  to  any  known 
terrestrial  substance,  but  having  a  general  resemblance 
to  those  seen  in  the  spectrum  of  the  electric  discharge 
through  rarefied  dry  air. 

The  most  probable  theory  of  the  aurora  is  that  origin- 
ally due  to  Franklin,  namely,  that  it  is  due  to  electric 
discharges  in  the  upper  air,  in  consequence  of  the  differ- 
ing electrical  conditions  between  the  cold  air  of  the  polar 
regions  and  the  warmer  streams  of  air  and  vapour  raised 
from  the  level  of  the  ocean  in  tropical  regions  by  the 
heat  of  the  sun.  For  evaporation  of  water  containing 
saline  matter  is  a  source  of  electrification  (see  Art  63), 
the  escaping  vapour  becoming  positively  electrified. 

According  to  Nordenskiold  the  terrestrial  globe  is 
perpetually  surrounded  at  the  poles  with  a  ring  or  crown 
of  light,  single  or  double,  to  which  he  gives  the  name  of 
the  **  aurora-glory."  The  outer  edge  of  this  ring  he  esti- 
mates to  be  at  120  miles  above  the  earth's  surface,  and 
its  diameter  about  1250  miles.  The  centre  of  the  aurora- 
glory  is  not  quite  at  the  magnetic  pole,  being  in  lat 
81°  N.,  long.  80°  E.  This  aurora-glory  usually  appears 
as  a  pale  arc  of  light  across  the  sky,  and  is  destitute  of 
the  radiating  streaks  shewn  in  Fig.  112,  except  during 
magnetic  and  auroral  storms. 

An  artificial  aurora  has  been  produced  by  Lemstrom, 
who  erected  on  a  mountain  in  Lapland  a  network  of 
wires  presenting  many  points  to  the  sky.  By  insulating 
this  apparatus  and  connecting  it  by  a  telegraph  wire 
with  a  galvanometer  at  the  bottom  of  the  mountain,  he 
was  able  to  observe  actual  currents  of  electricity  when 
the  auroral  beam  rose  above  the  mountain 
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CHAPTER    V. 

ELECTROMAGNETICS. 

/      Lesson  XXV. — Theory  of  Magnetic  Potential, 

310.  That  branch  of  the  science  of  electricity  which 
treats  of  the  relation  between  electric  currents  and  mag- 
netism is  termed  Eleotromagnetios.  In  Art.  1 17  the 
law  of  inverse  squares  as  applied  to  magnets  was  explained, 
and  the  definition  of  '*  unit  magnetic  pole  "  was  given  in 
Art.  125.  The  student  also  learned  to  express  the  strength 
of  poles  of  magnets  in  terms  of  the  unit  pole,  and  to  apply 
the  law  to  the  measurement  of  magnetic  forces.  It  is, 
however,  much  more  convenient,  for  the  purpose  of  study, 
to  express  the  interaction  of  magnetic  and  electromagnetic 
systems  in  terms  not  of  ** force"  but  oi  ^^ potentiaP^ \ 
i,e,  in  terms  of  their  power  to  do  work.  In  Art  237 
the  student  was  shown  how  the  electric  potential  due 
to  a  quantity  of  electricity  may  be  evaluated  in  terms  of 
the  work  done  in  bringing  up  as  a  test  charge  a  unit  of 
+  electricity  from  an  infinite  distance.  Magnetic 
potential  can  be  measured  similarly  by  the  ideal  pro- 
cess of  bringing  up  a  unit  magnetic  pole  (N.- seeking) 
from  an  infinite  distance,  and  ascertaining  the  amount 
of  work  done  in  the  operation.  Hence  a  large  number 
of  the  points  proved  in  Lesson  XX.  concerning  electric 
potentisd  will  aJso  hold  true  for  magnetic  potential.  The 
student  may  compare  the  following  propositions  with  the 
corresponding  ones  in  Articles  237  to  243  : — 
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(a)  The  magnetic  potential  at  any  point  is  the  work 
that  must  be  spent  upon  a  unit  magnetic  (N.-seek- 
ing)  pole  in  bringing  it  up  to  that  point  from  an 
infinite  distance. 

(b)  The  magnetic  potential  at  any  point  due  to  a 
system  of  magnetic  poles  is  the  sum  of  the  separate 
magnetic  potentials  due  to  the  separate  poles. 

The  student  must  here  remember  that  the  potentials  due 
to  S.-seeking  poles  will  be  of  opposite  sign  to  those  due 
to  N.-seeking  poles,  and  must  be  reckoned  as  negative. 

(c)  The  {magnetic)  potential  at  any  point  due  to  a 
system  of  magnetic  poles  may  be  calculated  (com- 
pare with  Art.  238)  by  summing  up  the  strengths 
of  the  separate  poles  divided  each  by  its  own 
distance  from  that  point.  Thus,  if  poles  of 
strengths  w',  m",  ni'\  etc.,  be   respectively  at 

distances  of  r',  r",  f^", (centimetres) 

from  a  point  P,  then  the  following  equation  gives 
the  potential  at  P : — 

or  Vp  =  2  ^ 

(d)  The  difference  of  {magnetic)  potential  between 
two  points  is  the  work  to  be  done  on  or  by  a 
unit  {N,  -seeking)  pole  in  nurving  it  from  one 
point  to  the  other, 

(e)  Magnetic  force  is  the  rate  of  change  of  {magnetic) 
potential  per  unit  of  length, 

(f )  Equipotential  surfaces  are  those  {imaginary)  sur- 
faces surrounding  a  magnetic  pole  or  system  of 
poles,  over  which  the  {magnetic)  potential  has 
equal  values.  Thus,  around  a  single  magnetic 
pole,  supposing  all  the  magnetism  to  be  collected 
at  a  point  far  removed  from  all  other  poles,  the 
potential   would   be   equal    all   round   at   equal 
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distances ;  and  the  equipotential  suri^ces  would 
be  a  system  of  concentric  spheres  at  such  dis- 
tances apart  that  it  would  require  the  expendi- 
ture of  one  erg  of  work  to  move  a  unit  pole  up 
from  a  point  on  the  surface  of  one  sphere  to  any 
point  on  the  next  (see  Fig.  97).  Around  any  real 
magnet  possessing  two  polar  regions  the  equi- 
potential surfaces  would  be  much  more  com- 
plicated. Magnetic  force^  whether  of  attraction 
or  repulsion^  always  acts  across  the  equipotential 
surfaces  in  a  direction  normal  to  the  surface  j  the 
magnetic  lines  of  force  are  everywhere  perpen- 
a/      ^jdicular^  to  the  equipotenticU  surfaces, 

811.  TUtos  of  Force.  —  The  following  proposi- 
tion is  also  important: — From  a  single  magnetic  pole 
(supposed  to  be  a  point  far  removed  from  all  other 
poles)  the  lines  of  force  diverge  radially  in  all  directions. 
The  space  around  may  be  conceived  as  thus  divided  up 
into  a  number  of  conical  regions,  each  having  their  apex 
at  that  pole ;  and  through  each  cone,  as  through  a  tube,  a 
certain  number  of  lines  of  force  will  pass.  Such  a  conical 
space  may  be  called  a  "tube  of  force."  No  matter 
where  you  cut  across  a  tube  of  force  the  cross-section 
will  cut  through  all  the  enclosed  lines  of  force,  though 
they  diverge  more  widely  as  the  tube  widens.     Hence, 

(g)  The  total  magnetic  force  exerted  across  any  section 
of  a  tube  of  force  is  constant  wherever  the  section 
be  taken. 

In  case  the  magnetism  is  not  concentrated  at  one 
point,  but  distributed  over  a  surface,  we  shall  have  to 
speak  of  the  "  amount  of  magnetism  "  rather  than  of  the 
"  strength  of  pole,"  and  in  such  a  case  the 

(h)  Magnetic  density  is  the  amount  of  free  magnetism 
per  unit  of  surface.  In  the  case  of  a  simple 
magnetic  shell  over  the  face  of  which  the 
magnetism  is  distributed  with  uniform  density, 
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the  "strength"  of  the  shell  will  be  equal  to  the  thick- 
ness of  the  shell  multiplied  by  the  surface-density. 

^312.  Intensity  of  Field.— We  have  seen  (Art.  105)  that 
every  magnet  is  surrounded  by  a  certain  "field,"  within  which 
magnetic  force  is  observable.  We  may  completely  specify  the 
properties  of  the  field  at  any  point  by  measuring  the  strength 
and  the  direction  of  that  force, — that  is,  by  measuring  the 
"  intensity  of  the  fieW^  and  the  direction  of  ie  lines  of  force. 
The  **  intensify  of  the  field  ^*  at  any  point  is  measured  by  the  force 
tvith  which  it  acts  on  a  unit  magnetic  pole  placed  at  that  point. 
Hence,  unit  intensity  of  field  is  that  intensity  of  field  which  acts 
on  a  unit  pole  with  a  force  of  one  dyne.  There  is  therefore  a 
field  of  unit  intensity  at  a  point  one  centimetre  distant  firom  the 
pole  of  a  magnet  of  unit  strength.  Suppose  a  magnet  pole, 
whose  strength  is  i»,  placed  in  a  field  at  a  point  where  the 
intensity  is  H,  then  the  force  will  be  m  times  as  great  as  if  the 
pole  were  of  unit  strength,  and 

/=  fw  X  H. 

We  may  also  take  as  a  measure  of  the  intensity  of  the  field  at 

any  point  the  number  of  lines  of  force  that  pass  through  a  square 

centimetre  of  surface  placed  acro^  the  field  at  that  point.     // 

follows  thai  a  unit  magnetic  pole  will  have  4x  lines  of  force 

proceeding  from  it:  for  there  is  unit  field  at  unit  distance  away, 

/7).'   3  3^  ^^  ^^^  ^^'^  ^^  force  per  square  centimetre;    and  there  are  4ir 

^  ^    square  centimetres  of  surface  on  a  sphere  of  unit  radius  drawn 

5  round  the  pole.     A  magnet,  whose  pole-strength  is  m,  has  ^irm 

. ,       lines  of  force  running  through  the  steel,  and  diverging  at  its  polCr 

I     818.  Intensity  of  Magnetisation. — ^When  a  piece 

^  -^      of  a  magnetic  metal  is  placed  in  a  magnetic  field,  some 

o^^  of  the  lines  of  force  run  through  it  and  magnetise  it. 

/ ,     The  intensity  of  its  magnetisation  will  depend  upon  the 

^  '  '^    intensity  of  the  field  into  which  it  is  put,  and  upon  the 

'I    ■'    metal  itsel£     A  metal  in  which,  like  soft  iron,  a  high 

^  degree  of  magnetisation  is  thus  produced  is  said  to 

^  /    possess  a  high  coefficient  of  magnetisation.    Every 

^  magnetic  substance  has  a  positive  coefficient  of  mag- 

/  netisation ;   but  there  are  many  substances,  such   as 

bismuth,   copper,  water,  etc.,  which   possess  negative 

coefficients  of  magnetisation.     The  latter  are  termed 
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"  diamagnetic "  bodies  (see  Art.  339).  Bodies  which 
have  a  high  coefficient  of  magnetisation  may  be  re- 
garded as  good  conductors  of  magnetism.  When  a 
piece  of  soft  iron  is  placed  in  a  magnetic  field  the  lines 
of  force  gather  themselves  up  and  run  in  greater  quan- 
tities through  the  space  now  occupied  by  iron  ;  whereas, 
if  a  piece  of  bismuth  or  copper  is  placed  in  the  field, 
fewer  lines  of  force  than  before  pass  through  the  space 
occupied  by  the  diamagnetic  metal.  The  intensity  of 
magnetisation  through  the  substance  of  a  magnet  is 
measured  by  dividing  its  "magnetic  moment"^  by  its 
volume.  A  permanent  steel  magnet  has  a  certain  per- 
manent intensity  of  magnetisation ;  a  piece  of  soft  iron 
laid  along  the  lines  of  force  in  a  magnetic  field  has 
induced  in  it  a  certain  temporary  intensity  of  magnetisa- 
tion equal  to  the  product  of  the  "intensity"  of  the  field  H 
into  the  coefficient  of  magnetisation  of  the  iron  k. 

Intensity  of  magnetisation  =  -—--  =  ^  .  H. 

'  °  volume 

It  is,  however,  found  that  there  is  a  certain  maximum 
of  intensity  of  magnetisation  for  each  magnetic  metal, 
which  cannot  be  exceeded,  no  matter  how  powerful  the 
field  in  which  the  metal  is  placed.  According  to  Row- 
land, the  following  are  the  maximum  intensities  for 
different  metals  : — 

Iron  and  Steel      .  1390 

Cobalt         ....         800 
Nickel  ....         494 

Steel  will  not  retain  all  the  magnetism  that  can  be 
temporarily  induced  in  it,  its  permanent  maximum  of 
intensity  being  only  785.2  Everett  has  calculated  (fi*om 
Gauss's  observations)  that  the  intensity  of  magnetisation 
of  the  earth  is  only  0*0790,  or  only  rrlinr  of  what  it 
would  be  if  the  globe  were  wholly  iron. "   The  fact  that 

1  The  "  magnetic  moment  **  is  the  product  of  the  strength  of  either  pole 
of  a  magnet  by  its  length,  ox  "  mX  L 

*  According  to  Weber,  it  is  400 ;  according  to  Van  Waltenhofen,  470 , 
according  to  Schneebeli  (in  thin  wires)  from  710  to  zo6o. 
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a  maximum  is  reached  shows  that  the  coefficient  of 
magnetisation  k  is  not  constant,  but  that  it  is  less 
at  higher  degrees  of  magnetisation  than  at  lower.  A 
piece  of  nickel  placed  in  a  field  of  small  intensity  is 
magnetised  about  five  times  as  strongly  as  a  piece  of 
iron  of  the  same  size  would  be,  but  in  a  strong  field  the 
iron  would  be  the  more  strongly  magnetised.  Measure- 
ments of  the  values  of  k  in  fields  of  different  intensity 
have  been  made  by  Rowland  and  Stoletow. 
814.  Potential  due  to  a  (SolenoidcJ)  Ma^rnet. 
long  thin  uniformly  magnetised  magnet  exhibits 
free  magnetism  only  at  the  two  ends,  and  acts  on 
external  objects  just  as  if  there  were  two  equal  quantities 
of  opposite  kinds  of  magnetism  collected  at  these  two 
points.  Such  a  magnet  is  sometimes  called  a  solenoid 
to  distinguish  it  fi'om  a  magnetic  shell  (Art.  107). 
Ordinary  straight  and  horse-shoe  shaped  magnets  arc 
imperfect  solenoids.  The  magnetic  potential  due  to  a 
solenoid,  and  all  its  magnetic  effects,  depend  only  on 
the  position  of  its  two  poles,  and  on  their  strength,  and 
not  on  the  form  of  the  bar  between  them,  whether  straight 
or  curved.  In  Art.  310  (^)  was  given  the  rule  for  finding 
the  potential  due  to  a  system  of  poles.  Suppose  the 
two  poles  of  a  solenoid  have  strengths  +  m  and  —  m 
(taking  S.-seeking  pole  as  of  negative  value),  and  that 
the  respective  distances  of  these  poles  from  an  external 
point  P,  are  r^  and  r, :  then  the  potential  at  P  will  be, 

Suppose  a  magnet  curled  round  imtil  its  N.  and  S. 
poles  touch  one  another :  it  will  not  act  as  a  magnet 
on  an  external  object,  and  will  have  no  "field"  (Art. 
105)  ;  for  if  the  two  poles  are  in  contact,  their  distances 
r,  and  r,  to  an  external   point  P  will  be  equal,  and 

( j  will  be  =  o. 

^/' ,  315.   Potential  due   to  a  Magrnetio    Shell. — 
Gauss  demonstrated  that  the  potential  due  to  a  magnetic 
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shell  at  a  point  near  it  is  equal  to  the  strength  of  the 
shell  multiplied  by  the  solid-angle  subtended  by  the  shell 
at  that  points  the  "  strength "  of  a  magnetic  shell 
being  the  product  of  its  thickness  into  its  surface-density 
of  magnetisation. 

If  (0  represents  the  solid-angle  subtended  at  the  point 
P,  and  /  the  strength  of  the  shell,  then 

Vp   =  0)/. 

Proo£ — ^To  establish  this  proposition  would  require  an  easy 
application  of  the  integral  calculus.  But  the  following  geo- 
metrical demonstration,  though  incomplete,  must  here  suffice. 

Let  us  consider  the  shell  as  composed,  like  that  drawn,  of 
a  series  of  small  elements  of 
thickness  ty  and  having  each  an 
area  of  suiface  s.  The  whole 
solid -angle  subtended  at  P  by 
the  shell  may  likewise  be  con- 
ceived as  made  up  of  a  number 
of  elementary  small  cones,  each 
of  solid-angle  d :  Let  r^  and  r^ 
be  the  distances  from  P  to  the 
two  faces  of  the  element :  Let 
a  section  be  made  across  the  small  cone  orthogonally,  or  at 
right  angles  to  r^  and  call  the  area  of  this  section  a  :  Let  the 
angle  between  the  surfaces  s  and  a  be  called  angle  /3 :  then 
a 


Fig.  113. 


S    = 


cos 


-s*     Let  i  be  the  "  strength  "  of  the  shell  (/.^.  .=  its 
surface-density  of  magnetisation  x  its  thickness) ;  then  -r  = 

surfiu:e-density  of  magnetisation,  and  j  --   =  strength  of  either 

pole  of  the  little  magnet  =  m, 

..         ..J       1     #        area  of  its  orthogonal  section 
Now  solid  angle  (6  = -5-2 


a  . 


therefore 
and 

Hence 


a 
s 


=  <6r». 


m 


tcos  /3 
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But  the  potential  at  P  of  the  magnet  whose  pole  is  m^  will  be 

/  cos  /3    V  ^1  'i  / 

but     -   -     .     ±=-    ~- — ^'^  which  we  may  write     ^  " — * 

because  r^  and  r,  may  be  made  as  nearly  equal  as  we  please. 
And  since  ^i  -  ^i  =  ^  cos  /3 

/  cos  p  \      r*      / 

or  the  potential  due  to  the  element  of  the  shel  =  the  strength 
of  the  shell  x  the  solid-angle  subtended  by  the  element  of  the 
shell.  Hence,  if  V  be  the  sum  of  all  the  values  of  v  for  all  the 
different  elements,  and  if  w  be  the  whole  solid-angle  (the  sum 
of  all  the  small  solid-angles  such  as  c6), 
Vp   =  wi 

or,  the  potential  due  to  a  magnetic  shell  at  a  point  is  equal  to 
the  strength  of  the  shell  multiplied  by  the  solid-angle  subtended 
by  the  whole  of  the  shell  at  that  point. 

Hence  <at  represents  the  work  that  would  have  to  be 
done  on  or  by  a  unit -pole,  to  bring  it  up  from  an 
infinite  distance  to  the  point  P,  where  the  shell  subtends 
the  solid-angle  co.  At  a  point  Q  where  the  solid-angle 
subtended  by  the  shell  is  different,  the  potential  will  be 
different,  the  difference  of  potential  between  P  and  Q 

^^^&  Vq  -  Vp    =   iK   -  a)p). 

If  a  magnet-pole  whose  strength  is  m  were  brought 
up  to  P,  m  times  the  work  would  have  to  be  done,  or 
the  mutual  potential  would  be  =  mm, 
ni;^  316.  Potential  of  a  Ma«met-pole  on  a  Shell — 
It  is  evident  that  if  the  shell  of  strength  i  is  to  be 
placed  where  it  subtends  a  solid-angle  w  at  the  pole  m, 
it  would  require  the  expenditure  of  the  same  amount  of 
work  to  bring  up  the  shell  from  an  infinite  distance 
on  the  one  hand,  as  to  bring  up  the  magnet-pole  from 
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an  infinite  distance  on  the  other ;  hence  mm  represents 
both  the  potential  of  the  pole  on  the  shell  and  the 
potential  of  the  shell  on  the  pole.  Now  the  lines  of 
force  from  a  pole  may  be  regarded  as  proportional  in 
number  to  the  strength  of  the  pole,  and  from  a  single 
pole  they  would  radiate  out  in  all  directions  equally. 
Therefore,  if  a  magnet-pole  was  placed  at  P,  at  the  apex 
of  the  solid-angle  of  a  cone,  the  number  of  lines  of  force 
which  would  pass  through  the  solid-angle  would  be  pro- 
portional to  that  solid-angle.  It  is  therefore  convenient 
to  regard  ma)  as  representing  the  number  of  lines  of  force 
of  the  pole  which  pass  through  the  shell,  and  we  may  call 
the  number  so  intercepted  N.  Hence  the  potential  of  a 
magnet-Pole  on  a  magnetic  shell  is  equal  to  the  strength 
of  the  shell  multiplied  by  the  number  of  lines  of  force 
{due  to  the  magnet-pole)  which  pass  through  the  shell; 
or  V  =  N/.  If  either  the  shell  or  the  pole  were  moved 
to  a  point  where  a  different  number  of  lines  of  force 
were  cut,  then  the  difference  of  potential  would  be, 

Vq  -  Vp  =  ti  (Nq  -  Np). 

This  formula  is  of  great  importance :  but  the  student 
must  be  specially  cautioned  as  to  the  signs  to  be 
attributed  in  applying  it  to  the  various  quantities.  A 
magnet  has  two  poles  (N.-seeking  and  S.-seeking),  whose 
strengths  are  +  m  and  -  my  and  the  two  feces  of  a 
magnetic  shell  are  of  opposite  sign.  To  bring  up  a  N.- 
seeking  (or  +)  pole  against  the  repelling  force  of  the 
N.-seeking  face  of  a  magnetic  shell  requires  a  positive 
amount  of  work  to  be  done ;  and  their  mutual  reaction 
would  enable  work  to  be  done  afterwards  by  virtue  of 
their  position :  in  this  case  then  the  potential  is  +.  But 
in  moving  a  N.-seeking  pole  up  to  the  S.-seeking  face  of 
a  shell  work  will  be  done  by  the  pole,  for  it  is  attracted 
up  ;  and  as  work  done  by  the  pole  may  be  regarded  as 
our  doing  negative  work,  the  potential  here  will  have  a 
negative  value. 

T 
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Again,  suppose  we  could  bring  up  a  unit  N. -seeking 
pole  against  the  repulsion  of  the  N. -seeking  face  of  a 
shell  of  strength  /,  and  should  push  it  right  up  to  the 
shell ;  when  it  actually  reached  the  plane  of  the  shell  the 
shell  would  occupy  a  whole  horizon,  or  half  the  whole 
space  around  the  pole,  the  solid-angle  it  subtended  being 
therefore  zit^  and  the  potential  will  be  +  7.*n.  If  we 
had  begun  at  the  S.-seeking  face,  the  potential  at  that 
face  would  be  -  7.*n.  It  appears  then  that  the  potential 
alters  its  value  by  ^ici  on  passing  from  one  side  of  the 
shell  to  the  other. 

317.  Beaotion  between  a  Pole  and  a  Maernetio 
Shell — ^Again,  Figs.  52  and  53  will  show  graphically 
that  lines  of  force  from  two  poles  of  opposite  kind  run 
into  one  another,  whilst  those  from  similar  poles  turn 
aside  as  if  mutually  repellant.  If  a  N.-seeking  pole  be 
brought  up  to  the  N.-seeking  face  of  a  shell  few  or  none 
of  the  lines  of  force  of  the  magnet  will  cut  the  shell ; 
whereas  if  a  N.-seeking  pole  be  brought  up  to  the 
S.-seeking  face  of  a  shell,  large  numbers  of  the  lines  will 
be  cut  by  the  shell  and  the  pole,  as  a  matter  of  fact,  will 
be  attracted  up  to  the  shell,  where  as  many  lines  of  force 
as  possible  are  cut  by  the  shell.  We  may  formulate  this 
action  by  saying  that  a  magnetic  shell  and  a  magnet-Pole 
react  on  one  another  and  urge  one  another  in  such  a 
direction  as  to  make  the  number  of  lines  of  force  that  are 
cut  by  the  shell  a  maximum  (Maxwell's  Rule,  Art.  193). 
Outside  the  attracting  face  of  the  shell  the  potential  is  -  m^ 
and  the  pole  moves  so  as  to  make  this  negative  quantity 
as  great  as  possible,  or  to  make  the  potential  a  minimum. 
Which  is  but  another  way  of  putting  the  matter  as  a 
particular  case  of  the  general  proposition  that  bodies 
tend  to  move  so  that  the  energy  they  possess  in  virtue 
of  their  position  tends  to  run  down  to  a  minitnum. 
>  318.  Magnetic  Potential  due  to  Current. — ^The 
propositions   concerning   magnetic  shells  given  in  the 

1  S«e  note  on  Ways  of  Reckoning  Angles,  Art.  133. 
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preceding  paragraphs  derive  their  great  importance 
because  of  the  feet  laid  down  in  Art.  192  that  circuits, 
traversed  by  currents  of  electricity,  behave  like  magnetic 
shells.  And  for  the  purpose  of  calculating  the  magnetic 
effects  due  to  currents  by  applying  these  theorems,  it  is 
necessary  to  adopt  the  electromagnetic  unit  of  the 
strength  of  current  explained  in  Art.  196.  If  we  adopt 
such  a  unit  we  may  at  once  go  back  to  Art.  315,  and 
take  the  theorems  about  magnetic  shells  as  being  also 
true  of  closed  voltaic  circuits. 

(a.)  Potential  due  to  closed  oirouit  (compare 
Art.  315). 

The  potential  V  due  to  a  closed  voltaic  circuit  (traversed 
by  a  current)  at  a  point  P  near  ity  is  equal  to  the  strength 
of  the  current  multiplied  by  the  solid- angle  co  subtended 
by  the  circuit  at  that  point.  If /be  the  strength  of  the 
current  in  electromagnetic  units,  then 

Vp  =   —  (oi. 

The  reason  for  adopting  the  n^ative  sign  is  the  following : — 
The  potential  {ue,  the  work  done  on  a  unit  N.  -seeking 
pole)  is  reckoned  positive  where  the  work  is  done 
against  repulsion.  Now,  if  a  N. -seeking  pole  is  to  be 
brought  up  to  a  point  opposite  the  repelling  face  of  a 
circuit,  it  must  (see  Fig.  115)  be  brought  up  to  that  &ce 
round  which  the  electricity  is  flowing  in  the  counter- 
dock -wise  or  negative  direction,  or  round  which  the 
current  must  be  considered  as  having  strength  =  —  i. 
The  student  may  be  helped  to  imderstand  this  conven- 
tion about  signs  by  remembering  (see  Fig.  115)  that 
when  he  is  looking  at  the  S.-pole  of  an  electromagnet 
he  is  looking  along  the  magnetic  lines  of  force  in  their 
positive  direction,  and  that  the  current  is  running  clock- 
wise round  the  coil.  Or,  the  positive  direction  of  lines 
of  force  through  the  circuit  is  associated  with  a  (positive) 
rotation  round  the  circuit,  as  is  the  forward  thrust  with 
the  right-handed  rotation  in  the  operation  of  driving  an 
ordinary  right-handed  screw. 

{b,)  At  a  point  Q,  where  the  solid-angle  subtended  by 
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the  circuit  is  oiq  instead  of  cap,  the  potential  will  have  a 
different  value,  the  difference  of  potential  being, 

Vq  -  Vp  =  -  /  (wq  -  Wp). 

319.  (c)  Mutual  Potential  of  a  Magmet-pole 
and  a  Circuit. — If  a  magnet -pole  of  strength  m  were 
brought  up  to  P,  where  the  circuit  subtends  a  solid-angle 
a,  from  an  infinite  distance  against  the  magnetic  forces 
exercised  by  the  current,  m  times  as  much  work  will  be 
done  as  if  the  magnet-pole  had  been  of  unit  strength,  and 
the  work  would  be  just  as  great  whether  the  pole  m  were 
brought  up  to  the  circuit,  or  the  circuit  up  to  the  pole. 
Hence,  the  mutual  potential  will  be 

But,  as  in  Art  316,  we  may  regard  m(a  as  representing 
the  number  of  lines  of  force  of  the  pole  which  are 
intercepted  by  and  pass  through  the  circuit,  and  we 
may  write  N  for  that  number,  and  say 

v.=  -  m, 

or  the  mutual  potential  of  a  magnet-pole  and  a  circuit 
is  equal  to  the  strength  of  the  current  multiplied  by  the 
number  of  the  magnet-poUs  lines  of  force  thai  are  inter- 
cepted by  the  circuity  taken  with  reversed  sign. 

(^.)  As  in  the  case  of  the  magnetic  shell,  so  with  the 
circuit,  the  value  of  the  potential  changes  by  4^'  from  a 
point  on  one  side  of  the  circuit  to  a  point  just  on  the 
other  side ;  that  is  to  say,  being  »  2^'  on  one  side  and 
+  2^'  on  the  other  side,  work  equal  to  4^*  must  be 
done  in  carrying  a  unit-pole  from  one  side  to  the  other 
round  the  outside  of  the  circuit.  The  work  done  in 
thus  threading  the  circuit  along  a  path  looped  n  times 
round  it  would  be  £^nmu 

320.  (<?.)  Mutual  Potential  of  two  Circuits. — Two 
closed  circuits  will  have  a  mutual  potential,  depending  on 
the  strengths  of  their  respective  currents,  on  their  distance 
apart,  and  on  their  form  and  position.     If  their  currents 
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be  respectively  /  and  /",  and  if  the  distance  between  two 
elements  ds  and  ds'  of  the  circuits  be  called  r,  and  €  the 
angle  between  the  elements,  it  can  be  shown  that  their 

mutual  potential  is  =  -  iijl ds  ds^.    This  expression 

represents  the  work  that  would  have  to  be  done  to 
bring  up  either  of  the  circuits  from  an  infinite  distance 
to  its  present  position  near  the  other,  and  is  a  negative 
quantity  if  they  attract  one  another.  Now,  suppose  the 
strength  of  current  in  each  circuit  to  be  unity ;  their  mutual 

potential  will  in  that  case  be /^ ds  ^,a  quantity  which 

depends  purely  upon  the  geometrical  form  and  position 
of  the  circuits,  and  for  which  we  may  substitute  the 
single  symbol  M,  which  we  will  call  the  "  coefficient  oj 
mutucd  potential :^^  we  may  now  write  the  mutual 
potential  of  the  two  circuits  when  the  currents  are  i  and 
j"  as  =  -  iHM. 

But  we  have  seen  in  the  case  of  a  single  circuit  that 
we  may  represent  the  potential  between  a  circuit  and  a 
unit-pole  as  the  product  of  the  strength  of  the  current 
-  /  into  the  number  N  of  the  magnet-pole  s  lines  of  force 
intercepted  by  the  circuit.  Hence  the  symbol  M  must 
represent  the  number  of  each  other's  lines  of  force 
mutually  intercepted  by  both  circuits,  if  each  carried 
unit  current.  If  we  call  the  two  circuits  A  and  B,  then, 
when  each  carries  unit  current,  A  intercepts  M  lines  of 
force  belonging  to  B,  and  B  intercepts  M  lines  of  force 
belonging  to  A. 

Now  suppose  both  currents  to  run  in  the  same 
(clock- wise)  direction ;  the  front  or  S. -seeking  face  of  one 
circuit  will  be  opposite  to  the  back  or  N. -seeking  face  of 
the  other  circuit,  and  they  will  attract  one  another,  and 
will  actually  do  work  as  they  approach  one  another,  or 
(as  the  negative  sign  shows)  negative  work  will  be  done 
in  bringing  up  one  to  the  other.  When  they  have 
attracted  one  another  up  as  much  as  possible  the  circuits 
will  coincide  in  direction  and  position  as  nearly  as  can 


278  ELEMENTARY  LESSONS  ON        [chap.  v. 

ever  be.  Their  potential  energy  will  have  run  down  to 
its  lowest  minimum,  their  mutual  potential  being  a  neg- 
ative maximum,  and  their  coefficient  of  mutual  potential 
M,  having  its  greatest  possible  value.  Two  circuits^ 
then,  are  urged  so  that  their  coefficient  of  mutual  potential 
M  shall  have  the  greatest  possible  value.  This  justifies 
Maxwell's  Rule  (Ait.  193),  because  M  represents  the 
number  of  lines  of  force  mutually  intercepted  by  both 
circuits.  And  since  in  this  position  each  circuit  induces 
as  many  lines  of  magnetic  force  as  possible  through  the 
other,  the  coefficient  of  mutual  potential  M  is  also  called 
the  coefficient  of  mutual  induction. 


NOTE  ON  MAGNETIC  AND  ELECTRO- 


^  ,  MAGNETIC  UNITS. 


321.  Magnetic  Units. — ^All  magnetic  quantities,  strength  of 
poles,  intensity  of  magnetisation,  etc.,  are  expressed  in  terms  of 
special  units  derived  from  the  fundamental  units  of  lengthy  mass^ 
and  tinu^  explained  in  the  Note  on  Fundamental  and  Derived 
Units  (Art.  254).  Most  of  the  following  units  have  been  directly 
explained  in  the  preceding  Lesson,  or  in  Lesson  XL;  the  others 
follow  from  them. 

Unit  Strength  of  Magnetic  Pole, — ^The  unit  magnetic  pole  is 
one  of  such  a  strength,  that  when  placed  at  a  distance  of 
one  centimetre  (in  air)  from  a  similar  pole  of  equal 
strength,  repels  it  with  a  force  of  one  dyne  (Art  125). 
Magnetic  Potential, — Magnetic  potential  being  measured  by 
work  done  in  moving  a  unit  magnetic  pole  against  the 
magnetic  forces,  the  unit  of  magnetic  potential  will  be 
measured  by  the  unit  of  work,  the  erg. 
Unit  Difference  of  Magnetic  Potential, — Unit  diiference  of 
magnetic  potential  exists  between  two  points  when  it 
requires  the  expenditure  of  one  erg  of  work  to  bring  a 
(N. -seeking)  unit  magnetic  pole  from  one  point  to  the 
other  against  the  magnetic  forces. 
Intensity  of  Magnetic  Field  is  measured  by  Ubit  force  it  exerts 

upon  a  unit  magnetic  pole :  hence. 
Unit  Intensity  of  Field  is  that  intensity  of  field  which  acts 
on  a  unit  (N. -seeking)  pole  with  a  force  of  one  dyne. 
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322.  Electromagnetic  Units. — The  preceding  magnetic 
units  give  rise  to  the  following  set  of  electrical  units,  in  which 
the  strength  of  currents,  etc.,  are  expressed  in  magnetic  measure. 
The  relation  of  this  "electromagnetic"  set  of  units  to  the 
"electrostatic''  set  of  units  of  Art.  257  is  explained  in  Art 

365. 

Unii  Strength  of  Current, — ^A  current  has  unit  strength  when 
one  centimetre  length  of  its  circuit  bent  into  an  arc  of 
one  centimetre  radius  (so  as  to  be  always  one  centim. 
away  from  the  magnet-pole)  exerts  a  force  of  one  dyne 
on  a  unit  magnet-pole  placed  at  the  centre  (Art.  196). 

Unit  of  Quantity  of  Electricity  is  that  quantity  which  is 
conveyed  by  unit  current  in  one  second. 

Unit  of  Difference  of  Potential  (or  of  JS/ectromottve-ffrce), 
Potential  is  work  done  on  a  unit  of  electricity ;  hence 
unit  difference  of  potential  exists  between  two  points 
when  it  requires  the  expenditure  of  one  erg  of'  work  to 
bring  a  unit  of  -^  electricity  from  one  point  to  the  other 
against  the  electric  force. 

Unit  of  /Resistance. — A  conductor  possesses  unit  resistance 
when  unit  difference  of  potential  between  its  ends  causes 
a  current  of  unit  strength  {ue.  one  unit  of  quantity  per 
second)  to  flow  through  it. 

323.  Practical  Units. — Several  of  the  above  "absolute** 
units  would  be  inconveniently  large  and  others  inconveniently 
small  for  practical  use.  The  following  are  therefore  chosen 
instead,  as  electromagnetic  units  : — 

Electromotiveforce, — ^The  Volt,  =  10^  absolute  units  (being 
a  little  less  than  the  E.M.F.  of  one  Daniell's  cell); 

/Resistance. — The  Ohm,  =  10*  absolute  units  of  resistance 
(and  theoretically  the  resistance  represented  by  the  velo- 
city of  one  earth-quadrant  per  second).     {See  Art  364.) 

Current. — As  a  practical  unit  of  current,  that  frimished  by  a 
potential  of  one  volt  though  one  ohm  is  taken,  being 

10  "    of  an  absolute  (electro-magnetic)  unit  of  current, 
and  is  known  as  one  Ampere  (formerly  one  "  weber  '*). 

Quantity. — The  Coulomb,  =  10 ""  ^  absolute  units  of  quantity 
of  the  electromagnetic  system. 

Capacity. — ^The  F^lrad,  =  io"~*  (or  one  one -thousand- 
millionth)  of  alisolute  unit  of  capacity. 
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Seeing,  however,  that  quantities  a  million  times  as  great  as 
some  of  these,  and  a  million  times  as  small  as  some,  have  to  be 
measured  by  electricians,  the  prefixes  mega-  and  micro-  are 
sometimes  used  to  signify  respectively  "  one  million  **  and  "  one- 
millionth  part.**  Thus  a  megohm  is  a  resistance  of  one  million 
ohms,  a  microfarad  a  capacity  of  ^ .000.000  ®^  *  ferad,  etc. 
The  prefix  milli-  is  frequently  used  for  "one-thousandth  part  ;** 
thus  a  miUi-amplre  is  the  thousandth  part  of  one  ampere. 

This  system  of  "  practical "  units  was  devised  by  a  committee 
of  the  British  Association,  who  also  determined  the  value  of  the 
**ohm'*  by  experiment,  and  constructed  standard  resistance 
coils  of  german-silver,  called  **B.  A.  Units"  or  **ohms.'* 
The  "  practical  **  system  may  be  regarded  as  a  system  of  units 
derived  not  from  the  fundamental  units  of  centimetre^  gramme^ 
and  second^  but  from  a  system  in  which,  while  the  unit  of  time 
remains  the  second,  the  units  oT  length  and  mass  are  respectively 
the  earth-quadrant  and  10—^^  gramme. 

324.  Dimensions  of  Magnetic  and  Electromagnetic  Units. 
— The  fundamental  idea  of  "  dimensions  **  is  explained  in  Art. 
258.  A  little  consideration  will  enable  the  student  to  deduce 
for  himself  the  following  table — 


Units. 


{Magnetic,) 

\  Strength  of  pole  ) 

I  Quantity  of  magnetism  \ 

V  Magnetic  Potential 
H       Intensity  of  Field 

{Electro-magnetic^ 
i        Current  (strength) 
Q       Quantity  . 

V  Potential  ) 
E        Electromotive-Force  ( 

R       Resistance 

C       Capacity 


Vforce  X  (distance)* 

work  -7-  strength  of  pole 
force  -T-  strength  of  pole 

intensity  of  field  x  length 
current  x  time 

work  -=-  quantity 

E.M.F.  -=-  current 
quantity  -t-  potential 


Dimensions. 


MiL*T-^ 

m4l4t""* 
m4l"4t"^ 

M^LiT'^ 

m4l4 

M^L^T-* 
LT-^ 

l-^t' 
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NOTE  ON  MEASUREMENT  OF  EARTH'S  MAGNETIC 
FORCE  IN  ABSOLUTE  UNITS. 

325a.  The  intensity  of  the  earth's  magnetic  force  at  any  place  is 
the  force  with  which  a  magnet-pole  of  unit  strength  is  attracted. 
As  explained  in  Art.  138,  it  is  usual  to  measure  the  horizontal 
component  H  of  this  force,  and  from  this  and  the  cosine  of  the 
angle  of  dip  to  calculate  the  total  force  I,  as  the  direct  deter- 
mination of  the  total  force  is  surrounded  with  difficulties.  To 
determine  H  in  absolute  (or  C.G.S.)  unitsy  it  is  necessary  to 
make  two  observations  with  a  magnet  of  magnetic  moment  M  ; 
(the  magnetic  moment  being,  as  mentioned  in  Art.  313,  the 
product  of  its  length  into  the  strength  of  one  of  its  poles).  In 
one  of  these  observations  the  product  MH  is  determined  by  a 

method  of  oscillaiions ;  in  the  second  the  quotient  jj  is  deter- 
mined by  a  particular  method  of  deflection.  The  square  root  of 
the  quantity  obtained  by  dividing  the  latter  by  the  former  will, 
of  course,  give  H. 

(i.)  Determination  ofMH. — The  time  /  of  a  complete  oscilla- 
tion to-and-fro  of  a  magnetic  bar  is 


t  ^2^  \   HM 


where  K  is  the  ** moment  of  inertia"  of  the  magnet.  This 
formula  is,  however,  only  true  for  very  small  arcs  of  vibration. 
By  simple  algebra  it  follows  that 

t^     . 

Of  these  quantities  /  is  ascertained  by  a  direct  observation  of 
the  time  of  oscillation  of  the  magnet  hung  by  a  torsionless  fibre  ; 
and  K  can  be  either  determined  experimentally  or  by  one  of  the 
following  formulae : — 

/  /3        a^  \ 
For  a  round  bar  K  =tw\  —  +  —  I, 

\I2        4  /* 

(/2    +   ^2  \ 
/  ' 

where  w  is  the  mass  of  the  bar  in  grammes,  /  its  length,  a 
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Its  radius  (if  round),  b  its  breadth,  measured  horizontally  (if 

rectangular). 

M 

(ii.)  Deiermination  of  -jj. — The  magnet  is  next  caused  to 

deflect  a  small  magnetic  needle  in  the  following  manner, 
''broadside  on.**  The  magnet  is  laid  horizontally  at  right 
angles  to  the  magnetic  meridian,  and  so  that  its  middle  point  is 
(magnetically)  due  south  or  due  north  of  the  small  needle,  and 
at  a  distance  r  from  its  centre.  Lying  thus  broadside  to  the 
small  needle  its  N.-pole  will  repel,  and  its  S.-pole  attract,  the 
N.'pole  of  the  needle,  and  will  exercise  contrary  actions  on  the 
S.-pole  of  the  needle.  The  total  action  of  the  magnet  upon  the 
needle  will  be  to  deflect  the  latter  through  an  angle  5,  whose 

tangent  is  directly  proportional  to  -g,  and  inversely  propor- 
tional to  the  cube  of  the  distance  r  ;  or 

-g  =  f^  tan  5. 

Dividing  the  former  equation  by  this,  and  taking  the  square  root, 
we  get, 


2T  / 

=  7  V   "r 


H       -"       ^         K 


3  tand. 


NOTE  ON  INDEX  NOTATION. 

325b.  Seeing  that  electricians  have  to  deal  with  quantities 
requiring  in  some  cases  very  large  numbers,  and  in  other  cases 
very  small  numbers,  to  express  them,  a  system  of  index  notation 
is  adopted,  in  order  to  obviate  the  use  of  long  rows  of  cyphers. 
In  this  system  the  significant  figures  only  of  a  quantity  are  put 
down,  the  cyphers  at  the  end,  or  (in  the  case  of  a  long  decimal) 
at  the  beginning,  being  indicated  by  an  index  written  above. 
Accordingly,  we  may  write  a  thousand  (=iox  lox  lo)  as 
lO^,  and  the  quantity  42,000  may  be  written  42  x  lo^.  The 
British  National  Debt  of  ;£^770,ooo,ooo  may  be  written  £'J*J  x 
lo^.  Fractional  quantities  will  have  negative  indices  when 
written  as  exponents.  Thus  y^  (=  O'oi),  =  i  4-  10  — 
10  =  io~2.  And  so  the  decimal  0*00028  will  be  written 
28  X  io~^  (being  =  28  x  'ooooi).  The  convenience  of  this 
method  will  be  seen  by  an  example  or  two  on  electricity. 
The  electrostatic  capacity  of  the  earth  is  630,000,000  times 
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that  of  a  sphere  of  one  centimetre  radius,  =63  x  lo-^  (electro- 
static) units.  The  magnetic  moment  of  the  earth  is,  according 
to  Gauss,  no  less  than  85,000,000,000,000,000,000,000,000 
times  that  of  a  magnet  of  unit  strength  and  centim.  length,  i.e, 
its  magnetic  moment  is  85  x  lo^*  units.  The  resistance  of 
selenium  is  about  40,000,000,000,  or  4  x  10^^  times  as  great  as 
that  of  copper ;  that  of  air  is  about  10^,  or 

100,000,000,000,000,000,000,000,000 

times  as  great.  The  velocity  of  light  is  about  30,000,000,000 
centimetres  per  second,  or  3  x  lo^^  As  a  final  example  we 
may  state  that  the  number  of  atoms  in  the  universe,  as  far  as 
the  nearest  fixed  star,  can  be  shown  to  be  certainly  fewer  than 
7  X  io»l 

Lesson  XXVI. — Electromagnets, 

326.  Electroma^rnets. — In  1820,  almost  immedi- 
ately after  Oerstedt's  discovery  of  the  action  of  the 
electric  current  on  a  magnet  needle,  Arago  and  Davy 
independently  discovered  how  to  magnetise  iron  and 
steel  by  causing  currents  of  electricity  to  circulate  round 
them  in  spiral  coils  of  wire.    The  method  is  shown  in  the 


i/ 


Fig.  114. 


simple  diagram  of  Fig.  114,  where  a  current  from  a 
single  cell  is  passed  through  a  spiral  coil  of  wire,  in  the 
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hollow  of  which  is  placed  a  bar  of  iron  or  steel,  which  is 
thereby  magnetised.  The  separate  turns  of  the  coil 
must  not  touch  one  another  or  the  central  bar,  other- 
wise the  current  will  take  the  shortest  road  open  to  it 
and  will  not  traverse  the  whole  of  the  coils.  To  pre- 
vent such  short-circuiting  by  contact  the  wire  of  the  coil 
should  be  overspun  with  silk  or  cotton  (in  the  latter  case 
insulation  is  improved  by  steeping  the  cotton  covering  in 
melted  paraffin  wax)  or  covered  with  a  layer  of  gutta- 
percha. If  the  bar  be  of  iron  it  will  be  a  magnet  only 
so  long  as  the  current  flows ;  and  an  iron  bar  thus  sur- 
rounded with  a  coil  of  wire  for  the  purpose  of  magnetising 
it  by  an  electric  current  is  called  an  Eleotroxuagrnet. 
Sturgeon,  who  gave  this  name,  applied  the  discoveries 
of  Davy  and  Arago  to  the  construction  of  electromagnets 
far  more  powerful  than  any  magnets  previously  made. 

By  applying  Ampere's  Rule  (Art  i86),  we  can  find 
which  end  of  an  electromagnet  will  be  the  N. -seeking 
pole;  for,  imagining  ourselves  to  be  swimming  in  the 
current  (Fig.  114),  and  to  face  towards  the  centre  where 
the  iron  bar  is,  the  N.-seeking  pole  will  be  on  the  left. 
It  is  convenient  to  remember  this  relation  by  the  fol- 
lowing rules : — Looking  at  the  S, seeking  pole  of  an 
electromagnet y  the  magnetising  currents  are  circulating 
round  it  in  the  same  cyclic  direction  as  the  hands  of  a 

clock  move  J  and,  looking  at 
the  N. -seeking  pole  of  an 
electromagnet  the  magnetis- 
ing currents  are  circulating 
round  it  in  the  opposite  cyclic 
^*s-  ^^s-  direction  to  that  of  the  hands 

of  a  clock.  Fig.  115  shows  this  graphically.  These 
rules  are  true,  no  matter  whether  the  beginning  of  the 
coils  is  at  the  end  near  the  observer,  or  at  the  farther 
end  from  him,  ue,^  whether  the  spiral  be  a  right-handed 
screw,  or  (as  in  Fig.  114)  a  left-handed  screw.  It  will 
be  just  the  same  thing,  so  far  as  the  magnetising  power 
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is  concerned,  if  the  coils  begin  at  one  end  and  run  to 
the  other  and  back  to  where  they  began ;  or  they  may 
begin  half-way  along  the  bar  and  run  to  one  end  and 
then  back  to  the  other :  the  one  important  thing  to  know 
is  which  way  the  current  flows  round  the  bar  when  you 
look  at  it  end-on. 

327.  Solenoid. — ^Without  any  central  bar  of  iron  or 
steel  a  spiral  coil  of  wire  traversed  by  a  current  acts  as 
an  electromagnet  (though  not  so  powerfully  as  when  an 
iron  core  is  placed  in  it).  Such  a  coil  is  sometimes 
termed  a  solenoid.  A  solenoid  has  two  poles  and  a 
neutral  equatorial 
region.  Ampere 
found  that  it  will 
attract  magnets  and 
be  attracted  by  mag- 
nets. It  will  attract 
another  solenoid ;  it 
has  a  magnetic  field 
resembling  gene- 
rally that  of  a  bar 
magnet.  If  so  arranged  that  it  can  turn  round  a  vertical 
axis,  it  will  set  itself  in  a  North  and  South  direction 
along  the  magnetic  meridian.  Fig.  116  shows  a  solenoid 
arranged  with  pivots,  by  which  it  can  be  suspended  to  a 
"table "like  that  shown  in  Fig.  121. 

Reference  to  Fig.  86  and  to  Art.  192,  will  recall  how 
a  single  loop  of  a  circuit  acts  as  a  magnetic  shell  of 
equivalent  form  and  strength.  A  solenoid  may  be  re- 
garded as  made  up  of  a  series  of  such  magnetic  shells 
placed  upon  one  another,  all  their  N. -seeking  faces  being 
turned  the  same  way.  Since  the  same  quantity  of 
electricity  flows  round  each  loop  of  the  spiral  coil  the 
loops  will  be  of  equal  magnetic  strength,  and  the  total 
magnetic  strength  of  the  solenoid  will  be  just  in  propor- 
tion to  the  number  of  turns  in  the  coil  ;  and  if  there  be 
n  turns,  the  number  of  magnetic  lines  of  force  running 


Fig.  zz6. 
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through  the  solenoid  will  be  n  times  as  great  as  the 
number  due  to  one  single  turn.  The  use  of  the  iron 
core  is  by  its  greater  magnetic  induction  to  concentrate 
and  increase  the  available  number  of  lines  of  force  at 
definite  poles.  The  student  has  been  told  (Art.  191) 
that  the  lines  of  force  due  to  a  current  flowing  in  a  wire 
are  closed  curves,  approximately  circles  (see  Fig.  85), 
round  the  wire.  If  there  were  no  iron  core  many  of 
these  little  circular  lines  of  force  would  simply  remain  as 
small  closed  curves  around  their  own  wire ;  but,  since 
iron  has  a  high  coefficient  of  magnetic  induction,  where 
the  wire  passes  near  an  iron  core  the  lines  of  force  alter 
their  shape,  and  instead  of  being  little  circles  around  the 
separate  wires,  run  through  the  iron  core  from  end  to 
end,  and  round  outside  from  one  pole  back  to  the 
other,  as  in  a  steel  magnet  Kfew  of  the  lines  of  .force 
do  this  when  there  is  no  iron ;  almost  all  of  them  do  this 
when  there  is  iron.  Hence  the  electromagnet  with  its 
iron  core  has  enormously  stronger  poles  than  the  spiral 
coils  of  the  circuit  would  have  alone. 

828.  Laws  of  Eleotroxuagneta — The  following 
are  the  principal  laws  of  electromagnets : — 

(«)  The  strength^  of  an  electromagnet  is  proportional 
to  the  strength  of  the  magnetising  current  {i,e.  to  the 
quantity  of  electricity  that  circulates  round  it). 

This  is,  however,  only  true  when  the  iron  core  is  still  far 
from  being  <*  saturated  *'  with  its  maximum  intensity  of  mag- 
netisation. If  the  iron  is  already  strongly  magnetised  by  a 
current,  a  current  twice  as  strong  will  not  make  the  iron  into  a. 
magnet  of  double  strength.  According  to  Jenkin  it  is  no  use 
to  make  the  current  stronger  than  will  give  the  "field"  135 
units  of  intensity.  Mtiller  gave  for  the  relation  between  the 
strength  of  the  magnetising  current  and  the  strength  of  the 
electromagnet  it  produces,  the  following  approximate  rule : — 

1  The  word  "strength"  means  here  "magnetic  strength,"  as  defined  in 
Art  Z02,  and  must  on  no  account  be  confused  with  "lifting  power"  or 
"sustaining  power,"  which  depends  both  on  the  magnetic  strength  and  on 
the  form  of  the  magnet  and  of  its  poles. 
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The  strength  of  an  electromagnet  is  proportional  to  the  angle 
whose  tangent  is  the  strength  of  the  magnetising  current ;  or 


m  =  A/{an-yC, 
in  amiflres  and  A 


where  C  is  the  current  in  amperes  and  A  a  constant  depending 

on  the  construction  of  the  particular  magnet.     If  the  student 

will  look  at  Fig.  90  and  imagine  the  divisions  of  the  horizontal 

line  OT  to  represent  strengSis  of  current,  and  the  number  of 

degrees  of  arc  intercepted  by  the  oblique  lines  to  represent 

strengths  of  magnetism,  he  will  see  that  even  if  OT  be  made 

infinitely  long,  the  intercepted  angle  can  never  exceed  90°.    More 

accurate  is  the  rule —  ^ 

m  =  B»C  -— ; p:i 

I  +  <r»C 

where  C  is  the  current  strength,  n  the  number  of  turns  of  vdre, 
B  a  constant  depending  on  the  construction  of  the  magnet  and 
the  quality  of  the  iron,  and  <r  another  constant  (a  small  fraction) 
depending  on  the  quantity  and  quality  of  the  iron,  and  called 
the  "saturation  constant.'' 

ip)  The  strength  of  an  electromagnet  is  proportional  to 
the  number  of  turns  of  wire  in  its  coils.  This  also  is 
only  true  when  the  iron  core  is  £ar  below  saturation;  and 
it  is  only  true  when  the  current  is  kept  constant.  For 
if  by  putting  on  more  coils  of  wire  we  add  materially  to 
the  total  resistance  of  the  circuit,  the  strength  of  the 
current  will,  according  to  Ohm's  Law  (see  Arts.  1 80  and 
345),  be  thereby  reduced.  This  has  an  important 
bearing  on  the  construction  of  telegraphic  and  other 
instruments;  for  while  electromagnets  with  "long  coils," 
consisting  of  many  turns  of  fine  wire,  must  be  used  on 
long  circuits  where  there  is  great  resistance,  such  an 
instrument  would  be  of  no  service  in  a  circuit  of  very 
small  resistance,  for  the  resistance  of  a  long  thin  coil 
would  be  disproportionately  great :  here  a  short  coil  of 
few  turns  of  stout  wire  would  be  wanted.    (See  Art.  352.) 

{d)  The  strength  of  an  electromagnet  is  independent  of 
the  thickness  and  maierial  of  the  conducting  wire. 
The  wire  may  be  of  any  metal  of  any  thickness,  pro- 
vided only  it  carries  enough  current  a  sufficient  number 
of  times  round  the  core  to  produce  a  field  of  the  requisite 
strength. 
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(^  Thi  slrtnglh  of  art  tUctromagmt  is  indepaidmt  of  the 
diameter  of  the  coils.  Whelher  the  coils  are  bigger  Chan  the 
coie  they  enclose,  oi  enwrap  it  quite  closely,  makes  no  matter, 
provided  that  there  are  eoough  of  them  to  make  the  electro- 
magnet at  least  twice  as  long  as  it  is  broad,  and  that  the  iron 
core  protrudes  beyond  the  ends  of  the  coils.  It  is  also  found 
that  a  hollow  tube  of  iron  answers  as  well  as  a  solid  core,  pro- 
vided there  be  plenty  of  iron  in  the  substance  of  the  tube. 

The  strength  m  of  a  straight  electromagnet  is  expressed  by 
the  following  formula,  in  which  /  is  the  length  of  the  magnet,  a' 
the  area  of  section  of  the  iron,  k  the  coelBcient  of  magnetisation 
("susceptibility"),  a  the  area  of  section  of  the  coil,  «  the 
number  of  turns  in  the  coil,  and  C  the  strength  of  the  mag- 
neti^i^  current,  in  ampires; — 

«=C^(»  +  4T</*)-!-io. 


{e)A 
full  extent  6f  its  fmeer. 
current,  when  circuit  is 
full  strength  ;  but  it  is 
taking  time  to  magneti 


ires  iirjte  to  rrragtutise  an  iron  core  to  Ike 
:  This  is  partly  owing  to  the  fact  that  a. 
is  first  made,  does  not  suddenly  attain  its 
is  chiefly  owing  to  the  soUd  iron  itself 
Faraday's  great  electromagnet  at 


the   Royal  Institution  takes  about  two  seconds   t 
maximum  strength,     Beetz  made  the  observation,  that,  though 
the  strength  of  current  be  the  same  in  each  case,  the  magnet- 
ism of  the  core  of  an  electromagnet  is  more  rapidly  established 
by  a  current  of  great  electromotive-force  working  through  a 
great  resistance,  than  by  one  of  small  electromotive-force  working 
through  a  small  resistance.     This  would  seem  to  show  that  the 
apparent   slowness    of   iron    to 
magnetise  is  due  to  the  presence 
of   transient    reverse    induction 
currents  (Art.  393)  in  the  iroo- 
itself,  which,  while  they  last,  set 
up  a  magnetic  induction  of  their 
own  opposed  to  that  due  to  the 

^^     320.  Oonstruotion    of 
Eleotromasnets. — The 
most  useful  form  of  electro- 
magnet is  that  in  which  the 
Fig.  ..J.  ij.(,n  (-oj^  jj  bent    into  the 

form  of  a  horse-shoe,  so  that  both  poles  may  be  applied 
In  this  case  it  is  usual  to  divide 
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the  coils  inlo  two  parts  wound  on  bobbins,  as  in  Figs. 
117  and  118.  The  electromagnet  depicted  in  Fig.  118 
is  of  a  form  adapted  for  laboratory  experiments,  and  has 
movable  coils  \^ch  are  slipped  on  over  the  iron  cores. 


A  special  form  of  electromagnet  devised  by  Euhmkorff 
for  experiments  on  diamagnetism  is  shown  in  Fig.  127. 
The  great  usefulness  of  the  electromagnet  in  its  applica- 
tion to  electric  bells  and  telegraphic  instruments  lies  in 
the  fact  that  ils  magnetism  is  under  the  control  of  the 
current;  when  circuit  is  "  made  "  it  becomes  a  magnet, 
when  circuit  is  "  broken  "  it  ceases  to  act  as  a  magnet. 

330.  Llftingr- power  of  Electroma^rneta  —  The 
lifting-power  of  an  electromagnet  depends  not  only  on  its 
"  magnetic  strength,"  but  also  upon  its  form,  and  on  the 


\ 
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shape  of  its  poles,  and  on  the  form  of  the  soft  iron 
armature  which  it  attracts.  It  should  be  so  arranged 
that  as  many  lines  of  force  as  possible  should  run  through 
the  armature,  and  the  armature  itself  should  contain  a 
sufficient  mass  of  iron.  Joule  designed  a  powerful  electro- 
magnet, capable  of  supporting  over  a  ton.  The  maximum 
attraction  he  could  produce  between  an  electromagnet  and 
its  armature  was  200  lbs.  per  square  inch,  or  about 
13,800,000  dynes  per  square  centimetre.  It  can  be 
shown  that  fhe  attraction  of  an  armature  of  soft  iron  is 
proportional  to  the  square  of  the  ^^  magnetic  strength  "  of 
the  electromagnet  J  for,  suppose  an  electromagnet  to  have 
its  strength  doubled,  it  will  induce  the  opposite  kind  of 
magnetisation  twice  as  strongly  as  before  in  the  iron 
armature,  and  the  resulting  force  (which  is  proportional 
to  the  product  of  the  two  strengths)  will  be  four  times  as 
great  as  at  first. 

Lesson  XXVII. — Electrodynamics. 

331.  Eleotrodynomics. — In  1821,  almost  immedi- 
ately, after  Oerstedt's  discovery  of  the  action  of  a  current 
on  a  magnet.  Ampere  discovered  that  a  current  acts 
upon  another  current,  attracting  it^  or  repelling  it 
according  Jp^^  certain  definite  laws.  These  actions  he 
investigated  by  experiment,  and  from  the  experiments 
he  built  up  a  theory  of  the  force  exerted  by  one  current 
on  another.  That  part  of  the  science  which  is  con- 
cerned with  the  force  which  one  current  exerts  upon 
another  he  termed  Electrodynamics. 

832.  Laws  of  Parallel  and  Oblique  Clrcuita — 
The  following  are  the  laws  discovered  by  Ampere  : — 

1  It  would  be  more  correct  to  speak  of  the  force  as  acting  on  conductors 
carrying  currents^  than  as  acting  on  the  currents  themselves.  It  is  disputed 
whether  the  current  in  the  conductor  is  attracted ;  we  know  only  with 
certainty  that  the  conductor  itself  experiences  a  force.  See,  however. 
Art.  337, 
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(i.)  Two  parallel  portions  of  a  circuit  attract  one 
another  if  the  currents  in  them  are  flowing  in  the  same 
direction^  and  repel  one  another  if  the  currents  flow  in 
opposite  directions. 

This  law  is  true  whether  the  parallel  wires  be  parts 
of  two  different  circuits  or  parts  of  the  same 
circuit.  The  separate  turns  of  a  spiral  coil,  like 
Fig.  116,  for  example,  when  traversed  by  a 
current  attract  one  another  because  the  current 
moves  in  the  same  direction  in  adjacent  parts  of 
the  circuit ;  such  a  coil,  therefore,  shortens  when 
a  current  is  sent  through  it. 

(ii.)  Two  portions  of  circuits  crossing  one  another 
obliquely  attract  one  another  if  both  the  currents  run 
either  towards  or  from  the  point  of  crossings  and  repel 
one  another  if  one  runs  to  and  the  other  from  that 
point, 

Fig.  119  gives  three  cases  of  attraction  and  two  of 
repulsion  that  occur  in  these  laws. 

(iii.)  When  an  element  of  a  circuit  exerts  a  force  on 
another  element 
of  a  circuity  that 
force  always 
tends  to  urge  the 
latter  in  a  direc- 
tion at  right 
angles  to  its  own 
direction.  Thus, 
in  the  case  of  two 
parallel  circuits, 
the  force  of  at- 
traction or  repul- 
sion acts  at  right- 


Fig.  119. 


angles  to  the  Currents  themselves. 

An  example  of  laws  ii.  and  iii.  is  afforded  by  the 
case  shown  in  Fig.  120.     Here  two  currents  cdf 


ELEMENTARY  LESSONS  ON        [ct 


and  cd  are  movable  round  O  as  a  centre.  There 
will  be  repulsion  between  a  and  d  and  between  c 
J  and  6,  while  in  the 
other  quadrants  there 
will  be  attraction,  a 
attracting  c,  and  b  at- 
tracting d. 

The  foregoing  laws 
^^^-  '"■  may  be  summed  up  in 

one,  by  saying  that  two  portions  of  circuits,  how- 
ever situated,  experience  a  mutual  force  tending 
to  set  them  so  that  their  currents  flow  as  nearly 
in  the  same  path  as  possible, 
(iv.)  Tke  force  exerted  between,  two  parallel  Jiorltons 
of  circuits  is  proportional  to  the  product  of  the  strengths 
of  the  two  currents,  to  the  length  of  the  portions,  and 
inversely  proportional  to  the  ^stance  between  them. 

333.  Ampere's  Table. — In  order  to  observe  these 


attractions  and  repulsions.  Ampere  devised  the  piece  of 
apparatus  known  as  Ampere's  Table,  shown  in  Fig.  I2i, 


J 


CHAP,  v.]    ELECTRICITY  AND  MAGNETISM.  293 

consisting  of  a  double  supporting  stand,  upon  which 
conductors  formed  of  wire,  shaped  in  different  ways,  can 
be  hung  in  such  a  way  as  to  be  capable  of  rotation. 
In  the  figure  a  simple  loop  is  shown  as  hung  upon  the 
supports.  The  ends  of  the  wires  of  the  movable 
portion  dip  into  two  mercury  cups  so  as  to  ensure  good 
contact.  The  solenoid,  Fig.  1 1 6,  is  intended  to  be  hung 
upon  the  same  stand. 

By  the  aid  of  this  piece  of  apparatus  Ampere  further 
demonstrated  the  following  points  : — 

{a)  A  circuit  doubled  back  upon  itself,  so  that  the 
current  flows  back  along  a  path  close  to  itself, 
exerts  no  force  upon  external  points. 
.  (J?)  A  circuit  bent  into  zig-zags  or  sinuosities,  pro- 
duces the  same  magnetic  effects  on  a  neigh- 
bouring piece  of  circuit  as  if  it  were  straight. 

{c)  There  is  in  no  case  any  force  tending  to  move  a 
conductor  in  the  direction  of  its  own  length. 

{d)  The  force  between  two  conductors  of  any  form  is 
the  same,  whatever  the  linear  size  of  the  system, 
provided  the  distances  be  increased  in  the  same 
proportion,  and  that  the  currents  remain  the 
same  in  strength. 

The  particular  case,  given  in  Fig.  122,  will  show  the 
value  of  these  experiments.  Let  AB  and  CD  represent 
two  wires  carrying  currents,  lying  neither  parallel  nor  in 
the  same  plane.  It  follows  from  {b\  that  if  we  replace 
the  portion  PQ  by  the  crooked  wire  PRSQ,  the  force 
will  remain  the  same.  The  portion  PR  is  drawn  verti- 
cally downwards,  and,  as  it  can,  by  (^),  experience  no 
force  in  the  direction  of  its  length,  this  portion  will 
neither  be  attracted  nor  repelled  by  CD.  In  the  portion 
RS  the  current  runs  at  right  angles  to  CD,  and  this 
portion  is  neither  attracted  nor  repelled  by  CD.  In  the 
portion  SQ  the  current  runs  parallel  to  CD,  and  in  the 
same  direction,  and  will  therefore  be  attracted  down- 
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wards.  On  the  whole,  therefore,  PQ  will  be  urged  to- 
wards CD.  The  portions  PR  and  RS  will  experience 
forces  of  rotation  however,  P  being  urged  round  R  as  a 


Fig.  122. 

I 

centre  towards  C,  and  R  being  urged  horizontally  round 
S  towards  C.  These  actions  would  tend  to  make  AB 
parallel  with  CD. 

334.  Ampere's  Theory. — From  the  four  preceding 
experimental  data,  Ampere  built  up  an  elaborate  mathe- 
matical theory,  assuming  that,  in  the  case  of  these  forces 
acting  apparently  at  a  distance  across  empty  space,  the 
action  took  place  in  straight  lines  between  two  points, 
the  total  attraction  being  calculated  as  the  sum  of  the 
separate  attractions  on  all  the  different  parts.  The 
researches  of  Faraday  have,  however,  led  to  other  views, 
and  we  now  regard  the  mutual  attractions  and  repulsions 
of  currents  as  being  due  to  actions  taking  place  in  the 
medium  which  fills  the  space  around  and  between  the 
conductors.  That  space  we  regard  rather  as  being  full 
of  curving  "  lines  of  force. '  Every  wire  carrying  a 
current  has  a  magnetic  field,  like  that  of  Fig.  85,  sur- 
rounding it ;  and  every  closed  circuit  acts  as  a  magnetic 
shell.  Hence  all  these  electrodjmamic  actions  are 
capable  of  being  regarded  as  magnetic  actions,  and  they 
can  be  predicted  beforehand  for  any  particular  case  on 
that  supposition.     Thus,  the  author  of  these  Lessons 


CHAP,  v.]     ELECTRICITY  AND  MAGNETISM.  295 

has  shown'  that  in  the  case  of  two  parallel  concurrent 
circuits  the  "  lines  of  force  "  due  to  the  two  systems 
run  into  one  another,  embracing  Ixith  circuits,  while  in 
the  case  of  two  parallel  and  non- concurrent  circuits  the 
"  lines  of  force  "  due  to  the  two  currents  indicate  mutual 
repulsion.  The  theory  of  Maxwell,  that  a  voltaic  circuit 
acts  like  a  magnetic  shell  (a  direct  deduction  from  Fara- 
day's work),  is  in  practice  a  more  ftuitfij!  conception  than 
that  of  Amp&re.  On  Maxwell's  theory  two  circuits  will 
tend,  like  two  magnetic  shells,  to  move  so  as  to  include 
as  many  of  one  another's  "  lines  of  force  "  as  possihie 
(Art.  193  and  320).  This  will  be  the  case  when  they 
coincide  as  nearly  as  possible  ;  /,e.,  when  the  two  wires 
are  parallel  in  every  part,  and  when  the  currents  run 
round  in  the  same  direction.  In  feet,  all  the  electro- 
dynamic  laws  of  parallel  and  oblique  circuits  can  be 
deduced  from  Maxwell's  theory  in  the  simplest  manner. 
An  interesting  experiment,  showing  an  apparent 
mutual  selfrepulsion  between  contiguous  portions  of  the 
circuit,  was  devised  by  Ampere.  A  trough  divided  by 
a  partition  into  two  parts,  and  made  of  non-conducting 
materials,  is  filled    with    mercury.     Upon    it   floats  "a 


Fib-  «3. 

metallic  bridge  formed  of  a  bent  wire,  of  the  form  shown 
in  Fig.  123,  or  consisting  of  a  glass  tube  filled  siphon- 
wise  with  mercury.  When  a  current  is  sent  through 
the  floating  conductor  from  X  over  MN,  and  out  at 

'  PhiliiiBthicat  MaganiiUj  Kovember  1878,  p.  348. 
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Y,  the  floating  bridge  is  observed  to  move  so  as  to 
increase  the  length  of  the  circuit.  But  Maxwell  has 
shown  that  the  true  explanation  depends  upon  the  self- 
induction  {Art.  404)  of  the  two  parallel  portions  of  the 
floating  conductor,  and  that  the  force  would  be  diminished 
indefinitely  if  the  two  parallel  parts  could  be  made  to 
lie  quite  close  to  one  another. 

336.  Eleotromacrnetio  Botations. — Continuous 
rotation  can  be  produced  between  a  magoet  and  a 
circuit,  or  between  two  parts  of  one  circuit,  provided 
that  one  part  of  the  circuit  can  move  while  another  part 
remains  fixed,  or  that  the  current  in  one  part  can  be 
reversed.  The  latter  device  is  adopted' in  the  constiuc- 
tion  of  the  electromagnetic  en^nes  described  in  Art.  375  ; 
the  former  alternative  is  applied  in  a  good  many  interest- 
ing pieces  of  apparatus  for  showing  rotations,  a  sliding- 
contact  being  made  between  one  part  of  the  circuit  and 
another.  Several  different  forms  of  rotation-apparatus 
were  devised  by  Faraday  and  by  Ampere.  One  of  the 
simplest  of  these  is  shown  in  Fig.   124,   in  which  a 


current  rising  through  a  and  passing  through  the  lightly 
pivoted  wire  b  b'  in  either  direction,  passes  down  into 
a  circular  trough  containing  mercury.  The  trough  is 
made  of  copper,  and  is  connected  with  a  wire  which  is 
also  wound  in  a  coil  round  the  outside  of  the  trough. 
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and  which  forms  part  of  the  circuit.  The  arrows  show 
the  direction  of  the  currents.  The  currents  in  the 
circular  coils  constitute  a  magnetic  shell,  whose  N. -seek- 
ing face  is  uppermost.  The  lines  of  force  due  to  this 
shell  therefore  run  vertically  in  an  upward  direction. 
According  to  the  converse  to  Ampere's  Rule  (Art.  186), 
a  man  swimming  in  one  of  the  horizontal  branches 
from  the  centre  a  outwards,  and  looking  along  the  lines 
of  force,  Le,  turned  on  to  his  back,  so  as  to  look  upwards, 
will  be  carried,  along  with  the  conductor,  toward  his  left 
hand.  And  the  pivoted  conductor  as  seen  from  above 
will  rotate  continuously  in  the  same  sense  as  the  hands 
of  a  clock  around  the  centre  a,  A  pole  of  a  magnet 
can  also  be  made  to  rotate  round  a  current ;  and  if  a 
vertical  magnet  be  pivoted  so  as  to  turn  around  its 
own  axis  it  will  rotate  when  a  current  is  led  into  its 
middle  region  and  out  at  either  end.  If  the  current  is 
led  in  at  one  end  and  out  at  the  other  there  will  be  no 
rotation,  since  the  two  poles  will  thus  be  urged  to  rotate 
in  opposite  ways,  which  is  impossible.  Liquid  con- 
ductors too  can  exhibit  electromagnetic  rotations.  Let  a 
cylindrical  metallic  vessel  connected  to  one  pole  of  a 
battery  be  filled  with  mercury  or  dilute  acid,  and  let 
a  wire  from  the  other  pole  dip  into  its  middle,  so  that 
a  current  may  flow  radially  from  the  centre  to  the 
circumference,  or  vice  versa;  then,  if  this  be  placed 
upon  the  pole  of  a  powerful  magnet,  or  if  a  magnet 
be  held  vertically  over  it,  the  liquid  may  be  seen  to 
rotate. 

336.  Eleotrodynamometer. — Weber  devised  an 
instrument  known  as  an  electrodynamometer  for  measur- 
ing the  strength  of  currents  by  means  of  the  electro- 
dynamic  action  of  one  part  of  the  circuit  upon  another  part. 
It  is  in  fact  a  sort  of  galvanometer,  in  which,  instead  of 
a  needle,  there  is  a  small  coil  suspended.  One  form  of 
this  instrument,  in  which  both  the  large  outer  and  small 
inner  coils  consist  of  two  parallel  coils  of  many  turns,  is 
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shown  in  Fig.  125,    The  inner  coil  CD  is  suspended  with 

its  axis  at  right  angles  to  that  of  the  outer  coils  AA,  BB, 

and  is  supported  bifilarly  (see  Art.    118)  by  two  fine 

metal    wires.       If 

round  both  coils  in 
either  direction  the 
inner  bobbin  tends 
to  turn  and  set  its 
coils  parallel  to 
the  outer  coils  ; 
the  sine  of  the 
angle  through 
which  the  sus- 
pending wires  are 
twisted  being  pro- 
portional to  the 
(square  of  the 
strengthofthecur- 
rent.  The  chief 
advantage  of  this 
instrument  over  a 

Fig-  .=5. 


that  it  may  be  used  for  induction-currents  in  which  there 
are  very  rapid  alternations, — a  current  in  one  direction 
being  followed  by  a  reverse  current,  perhaps  thousands  of 
times  in  a  minute.  Such  currents  hardly  affect  a  galvano- 
meter needle  at  all,  because  of  the  slowness  of  its  swing. 
Siemens  employs  an  electrodynamometer  with  coils  made  of 
very  thick  wire  for  the  absolute  measurement  of  strong  currents, 
sudi  as  aje  used  is  producing  electric  light.  It  is  possible  also 
to  use  an  electrodynamometer  as  a  "Power-meter"  to  measure 
the  electric  horse  power  evolved  by  a  battery  or  consumed  in 
an  electric  lamp  or  machine.  In  this  case  the  whole  current  is 
sent  through  a  fixed  coil  of  thiclt  wire,  while  the  movable  coil, 
made  of  many  turns  of  thin  wire,  is  connected  as  a  shunt  across 
the  terminals  of  the  lamp  or  machine  being  thus  traversed  by  a 
current  proportional  to  the  difierence  of  potential  between  those 
points  \fee  Art.  360  d).     Tlie  sine  of  the  angle  of  deflection 
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will  be  proportional  to  the  product  of  the  two  currents,  and 
therefore,  to  the  product  of  the  whole  current  into  the  difference 
of  potential  {sge  Art.  378  dis.) 

337.  Electromagnetic  Actions  of  Convection  Currents. — 
According  to  Faraday  a  stream  of  particles  charged  with  elec- 
tricity acts  magnetically  like  a  true  conduction-current.  This 
was  first  proved  in  1876  by  Rowland,  who  found  a  charged  disc 
rotated  rapidly  to  act  upon  a  magnet  as  a  feeble  circular  current 
would  do.  Convection  currents,  consisting  of  streams  of  elec- 
trified particles,  are  also  acted  upon  by  magnets.  The  convec- 
tive  discharges  in  vacuum-tubes  (Art.  292)  can  be  drawn  aside 
by  a  magnet,  or  caused  to  rotate  around  a  magnet-pole.  The 
**  brush'*  discharge  when  taking  place  in  a  strong  magnetic  field 
is  twisted.  The  voltaic  arc  (Art.  371)  also  behaves  like  a  flexible 
conductor,  and  can  be  attracted  or  repelled  by  a  magnet  Two 
stationary  positively  electrified  particles  repel  one  another,  but 
two  parallel  currents  attract  one  another  (Art.  332),  and  if 
electrified  particles  flowing  along  act  like  currents,  there  should 
be  an  (electromagnetic)  attraction  between  two  electrified  particles 
moving  along  side  by  side  through  space.  According  to  Max- 
well's theory  (Art.  390)  the  electrostatic  repulsion  will  be  just 
equal  to  the  electromagnetic  attraction  when  the  particles  move 
with  a  velocity  equal  to  the  velocity  of  light. 

Quite  recently  Hall  has  discovered  that  when  a  powerful 
magnet  is  made  to  act  upon  a  current  flowing  along  in  a  strip 
of  very  thin  metal,  the  equipotential  lines  are  no  longer  at  right- 
angles  to  the  lines  of  flow  of  the  current  in  the  strip.  This 
action  appears  to  be  connected  with  the  magnetic  rotation  of 
polarized  light  (Art.  387),  the  co-efficient  of  this  transverse 
thrust  of  the  magnetic  field  on  the  current  being  feebly  +  in 
gold,  strongly  +  in  bismuth,  and  —  in  iron. 

338.  Ampere's  Theory  of  Magnetism. — Ampere,  finding 
that  solenoids  (such  as  Fig.  116)  act  precisely  as  magnets,  con- 
ceived that  all  magnets  are  simply  collections  of  currents,  or 
that,  around  every  individual  molecule  of  a  magnet  an  electric 
current  is  ceaselessly  circulating.  We  know  that  such  currents 
could  not  flow  perpetually  if  there  were  any  resistance  to  them, 
and  we  know  that  there  is  resistance  when  electricity  flows:  from 
one  molecule  to  another.  As  we  know  nothing  about  the  interior 
of  molecules  themselves,  we  cannot  assert  that  Ampere's  sup- 
position is  impossible.  Since  a  whirlpool  of  electricity  acts  like 
a  magnet,  there  seems  indeed  reason  to  think  that  magnets  may 
be  merely  made  up  of  rotating  portions  of  electrified  matter. 
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Lesson  XXVI  H. — Diamagnetism, 

339.  Diamafirnetio  Experiments.  —  In  1778 
Brugmans  of  Leyden  observed  that  when  a  lump  of 
bismuth  was  held  near  either  pole  of  a  magnet  needle  it 
repelled  it.  In  1827  Le  Baillif  and  Becquerel  observed 
that  the  metal  antimony  also  could  repel  and  be  repelled 
by  the  pole  of  a  magnet.  In  1845  Faraday,  using  power- 
ful electromagnets,  examined  the  magnetic  properties 
of  a  large  number  of  substances,  and  found  that  whilst  a 
great  many  are,  like  iron,  attracted  to  a  magnet,  others 
are  feebly  repelled.  To  distinguish  between  these  two 
classes  of  bodies,  he  termed  those  which  are  attracted 
paramagnetic,^  and  those  which  are  repelled  diamagr- 
netic.  The  property  of  being  thus  repelled  from  a  magnet 
he  termed  diamagnetisnL 

Faraday's  method  of  experiment  consisted  in  suspend- 
ing a  small  bar  of  the  substance  in  a  powerful  magnetic 

field  between  the  two  poles  of 
an  electromagnet,  and  observing 
whether  the  small  bar  was  at- 
tracted into  an  axial  position,  as 
in  Fig.  126,  with  its  length  along 
the  line  joining  the  two  poles,  or 
whether  it  was  repelled  into  an 
equatorial  position,  at  right 
angles  to  the  line  joining  the  poles, 
across  the  lines  of  force  of  the 
field,  as  is  shown  by  the  position 
of  the  small  bar  in  Fig  127,  sus- 
pended between  the  poles  of  an  electromagnet  con- 
structed on  Ruhmkorff's  pattern. 


Fig.  126. 


1  Or  simply  "  magnetic."  Some  authorities  use  the  term  "  ferro- 
magnetic." Sidero-ma^etic  would  be  less  objectionable  than  this  hybrid 
word. 
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The  following  are  the  principal  substances  examined 
by  the  method  : — 


Paramt^^etio. 

Iron. 

Bismuth. 

Nickel 
Cobalt. 

Chromium. 
Cerium. 

Antimony. 
Zinc. 
Mereury. 
Lead. 

Titanium. 

Silver. 

Platinum.' 

Many  ores  and  salts 

srr 

containing    (he 
above  metals. 

Water. 
Alcohol 

Oxygen  gas. 

Tellurium. 
Selenium. 

Sulphur.. 
ThalUum. 

Hydrogen  gas. 
■    Air. 
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Liquids  were  placed  in  glass  vessels  and  suspended  between 
the  poles  of  the  electromagnet.  Almost  all  liquids  are  dia- 
magnetic,  except  solutions  of  salts  of  the  magnetic  metals,  some 
of  which  are  feebly  magnetic ;  but  blood  is  diamagnetic  though 
it  contains  iron.  To  examine  gases  bubbles  are  blown  with 
them,  and  watched  as  to  whether  they  were  drawn  into  or  pushed 
out  of  the  field.  Oxygen  gas  was  found  to  be  magnetic  :  ozone 
has  recently  been  found  to  be  still  more  strongly  so. 

340.  Quantitative  Besults. — The  magnetic  or  diamagnetic 
power  of  a  substance  may  be  expressed  in  terms  of  a  certain 
coefficient  of  magnetisation  k  (Art.  313),  which  is  the  ratio  of 
the  intensity  of  magnetisation  to  the  magnetising-force  of  the 
field  in  which  the  substance  is  placed.  Sir  W.  Thomson  calls 
this  coefficient  the  magnetic  susceptibility  of  the  substance.  If 
the  intensity  of  magnetisation  be  represented  by  the  sjrmbol  /', 
and  the  strength  of  the  magnetising  field  by  H,  then 

f  =  >6  H. 


For  paramagnetic  substances  k  has  +  values ;  for  diamagnetic 
substances  k  has  -  values.  According  to  Thalen  the  value  of 
k  for  iron  is  +  45  ;  but  Barlow's  highest  value  for  iron  was  only 
32*8.  Ewing  has  lately  observed  soft  iron  in  thin  wires,  mag- 
netised within  a  solenoid,  to  exhibit  a  value  of  k  equal  to  1300 
or  1400.  For  bismuth  the  value  of  >6  is  -  o '0000025  according 
to  Maxwell.  The  repulsion  of  bismuth  is  immensely  feebler 
than  the  attraction  of  iron.  Flacker  compared  the  magnetic 
powers  of  equal  weights  of  substances,  and  reckoning  that  of 
iron  as  one  million,  he  found  the  following  values  for  the 
"  specific  magnetism  "  of  bodies  : — 


Iron 

+ 

1,000,000 

Lodestone  Ore 

+ 

402,270 

Ferric  Sulphate 

+ 

1,110 

Ferrose  Sulphate 

+ 

780 

Water 

— 

1'Z 

Bismuth 

— 

23-6 

341.  Apparent  Diamagnetisxn  due  to  sur- 
roundinfiT  Medium, — It  is  found  that  feebly  magnetic 
bodies    behave    as    if    they  were    diamagnetic    when 
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suspended  in  a  more  highly  magnetic  fluid.  A  small 
glass  tube  filled  with  a  weak  solution  of  ferric  chloride, 
when  suspended  in  air  between  the  poles  of  an  electro- 
magnet points  axially,  or  is  paramagnetic ;  but  if  it  be 
surrounded  by  a  stronger  (and  therefore  more  magnetic) 
solution  of  the  same  substance,  it  points  equatorially,  and 
is  apparently  repelled  like  diamagnetic  bodies.  All  that 
the  equatorial  pointing  of  a  body  proves  then  is,  that  it  is 
less  magnetic  than  the  medium  that  fills  the  surrounding 
space.  A  balloon,  though  it  possesses  mass  and  weight, 
rises  through  the  air  in  obedience  to  the  law  of  gravity, 
because  the  medium  surrounding  it  is  more  attracted 
than  it  is.  But  it  is  found  that  diamagnetic  repulsion 
takes  place  even  in  a  vacuum :  hence  it  would  appear 
that  space  itself  ^  is  more  magnetic  than  the  substances 
classed  as  diamagnetic. 

342.  Diamaernetio  Polarity.-^At  one  time  Faraday 
thought  that  diamagnetic  repulsion  could  be  explained 
on  the  supposition  that  there  existed  a  "  diamagnetic 
polarity  "  the  reverse  of  the  ordinary  magnetic  polarity. 
According  to  this  view,  which,  however,  Faraday  him- 
self quite  abandoned,  a  magnet,  when  its  N.  pole  is  pre- 
sented to  the  end  of  a  bar  of  bismuth,  induces  in  that 
end  a  N.  pole  (the  reverse  of  what  it  would  induce  in  a 
bar  of  iron  or  other  magnetic  metal),  and  therefore  repels 
it.  Weber  adopted  this  view,  and  Tyndall  warmly 
advocated  it,  especially  after  discovering  that  the  repell- 
ing diamagnetic  force  varies  as  the  square  of  the 
magnetic  power  employed,  a  law  which  is  the  counter- 
part of  the  law  (Art.  330)  of  attraction  due  to  induction. 
Many  experiments  have  been  made  to  establish  this 
view ;  and  some  have  even  imagined  that  when  a 
diamagnetic  bar  lies  equatorially  across  a  field  of  force, 
its  east  and  west  poles  possess  different  properties.  The 
experiments  named  in  the  preceding  paragraph  suggest, 
however,  an  explanation  less  difficult  to  reconcile  with 

1  Or,  possibly,  the  "  scther  '*  filling  all  space. 
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the  facts.  There  can  be  no  doubt  that  the  phenomenon 
is  due  to  magnetic  induction :  and  it  has  been  pointed 
out  (Art.  89)  that  the  amount  of  induction  which  goes 
on  in  a  medium  depends  upon  the  magnetic  inductive 
capacity  (or  "permeability")  of  that  medium.  This 
magnetic  permeability  may  be  specified  in  terms  of  a 
"coefficient  of  magnetic  induction,"^  which  represents 
the  ratio  between  the  actual  induction  and  the  magnetis- 
ing-force  producing  it.  This  coefficient  will  always  be 
positive ;  it  has  values  greater  than  i  for  magnetic 
media,  less  than  i  for  diamagnetic  media:  for  empty 
space  it  is  i.  The  student  may  think  of  it  in  the 
following  way :  Suppose  a  certain  magnetising-force  to 
act  in  a  certain  direction,  there  would  naturally  result 
from  its  action  induction  along  a  certain  number  of 
lines  of  induction  (or  so-called  "lines  of  force"),  and 
in  a  vacuum  the  number  of  "  lines  of  induction  "  would 
numerically  represent  the  force.  But  if  the  space  con- 
sidered were  occupied  by  iron,  the  same  magnetising- 
force  would  induce  many  more  "  lines  of  induction " 
through  it,  since  iron  has  a  large  coefficient  of  magnetic 
induction.  If,  however,  the  space  considered  were 
occupied  by  bismuth,  the  same  magnetising-force  would 
induce  in  the  bismuth  fewer  "  lines  of  induction  "  than 
in  vacuum.  But  those  lines  which  were  induced  would 
still  run  in  the  same  general  direction  as  in  the  vacuum  ; 
not  in  the  opposite  direction^  as  Weber  and  Tyndall 
maintain.  The  result  of  there  being  a  less  induction 
through  diamagnetic  substances  can  be  shown  to  be 
that  such  substances  will  be  urged  from  places  where 
^^"^4;he  magnetic  force  is  strong,  to  places  where  it  is 
weaker.  This  is  why  a  ball  of  bismuth  moves  away 
from  a  magnet,  and  why  a  little  bar  of  bismuth  between 

1  The  student  must  not  confound  this  "  coefficient  of  magnetic  induction,** 
for  which  we  may  use  the  symbol  u^  with  the  "  coefficient  of  magnetisation  *' 
■     k^  in  Arts.  313  and  340.     The  two  coefficients  are,  however,  related  in  a 
manner  expressed  by  the  equation  »  =  x  +  4^^ 
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the  conical  poles  of  the  electro-magnet  (Fig.  127)  turns 
equatorially  so  as  to  put  its  ends  into  the  regions  that 
are  magnetically  weaker.  There  is  no  reason  to  doubt 
that  in  a  magnetic  field  of  uniform  strength  a  bar  of 
bismuth  would  point  along  the  lines  of  induction. 

343.  Magne  -  Crystallic  Aotion.  —  In  1822 
Poisson  predicted  that  a  body  possessing  crystalline 
structure  would,  if  magnetic  at  all,  have  different 
magnetic  powers  in  different  directions.  In  1847, 
Pliicker  discovered  that  a  piece  of  tourmaline,  which 
is  itself  feebly  paramagnetic,  behaved  as  a  diamagnetic 
body,  when  so  hung  that  the  axis  of  the  crystal  was 
horizontal.  Faraday  repeating  the  experiment  with  a 
crystal  of  bismuth,  found  that  it  tended  to  point  with 
its  axis  of  crystallisation  along  the  lines  of  the  field 
axially.  The  magnetic  force  acting  thus  upon  crystals 
by  virtue  of  their  possessing  a  certain  structure,  he 
named  magne- crystallic  force,  Pliicker  endeavoured  to 
connect  the  magne -crystallic  behaviour  of  crystals  with 
their  optical  behaviour,  giving  the  following  law :  there 
will  be  either  repulsion  or  attraction  of  the  optic  axis 
(or,  in  the  case  of  bi-axial  crystals,  of  both  optic  axes) 
by  the  poles  of  a  magnet ;  and  if  the  crystal  is  a 
"  negative  "  one  (/.^.,  optically  negative,  having  an  extra- 
ordinary index  of  refraction  less  than  its  ordinary  index), 
there  will  be  repulsion,  if  a  "positive"  one,  there  will 
be  attraction.  Tyndall  has  endeavoured  to  show  that 
this  law  is  insufficient  in  not  taking  into  account  the 
paramagnetic  or  diamagnetic  powers  of  the  substance  as 
a  whole.  He  finds  that  the  magne-crystallic  axis  of 
bodies  is  in  general  an  axis  of  greatest  density^  and  that 
if  the  mass  itself  be  paramagnetic  this  axis  will  point 
axially  ;  if  diamagnetic^  equatoricdly.  In  bodies  which, 
like  slate  and  many  crystals,  possess  cleavage,  the  planes 
of  cleavage  are  usually  at  right  angles  to  the  magne- 
crystallic  axis. 

344.  Diama^rnetism  of  Flames. — In  1847  Ban- 
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calari  discovered  that  Flames  are  repelled  from  the  axial 
"line  joining  the  poles  of  an  electromagnet.  Faraday 
showed  that  all  kinds  of  flames,  as  well  as  ascending 
streams  of  hot  air  and  of  smoke,  are  acted  on  by  the 
magnet  and  tend  to  move  from  places  where  the  mag- 
netic forces  are  strong  to  those  where  they  are  weaker. 
Gases  (except  oxygen  and  ozone),  and  hot  gases  especi- 
ally, are  feebly  diamagnetic.  But  the  active  repulsion 
and  turning  aside  of  flames  may  possibly  be  in  part 
due  to  an  electromagnetic  action  like  that  which  the 
magnet  exercises  on  the  convection-current  of  the  voltaic 
arc  and  on  other  convection-currents.  The  electric  pro- 
perties of  flame  are  mentioned  in  Arts.  7  and  291. 
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CHAPTER  VI. 
MEASUREMENT  OF  CURRENTS,  ETC. 

Lesson  XXIX. — Ohm^s  Law  and  its  Consequences. 

345.  In  Art.  180  the  important  law  of  Ohm  was 
stated  in  the  following  terms: — The  strength  of  the 
current  varies  directly  as  the  electromotive -force ^  and  in- 
'Oersely  as  the  {totaC)  resistance  of  the  circmt. 

Using  the  units  adopted  by  practical  electricians,  and 
explained  in  Art.  323,  we  may  now  restate  Ohm's  law  in 
the  following  definite  manner  : — The  number  of  amperes 
of  current  flowing  through  a  circuit  is  equal  to  the  number 
of  volts  of  electromotiveforce  divided  by  the  number  of 
ohms  of  resistance  in  the  entire  circuit.     Or, 

r',,.^^^4.         Electromotive-force 

Current  =  s — =-: » 

Resistance  ' 

C  =-5 

^         R- 

In  practice,  however,  the  matter  is  not  quite  so  simple, 
for  if  a  number  of  cells  are  used  and  the  circuit  be  made 
up  of  a  number  of  different  parts  through  all  of  which 
the  current  must  flow,  we  have  to  take  into  account  not 
only  the  electromotive-forces  of  the  cells,  but  their  resist- 
tances,  and  the  resistance  of  all  the  parts  of  the  circuit. 
For  example,  the  current  may  flow  from  the  zinc  plate  of 
the  first  cell  through  the  liquid  to  the  copper  (or  carbon) 
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plate,  then  through  a  connecting  wire  or  screw  to  the  next 
cell,  through  its  liquid,  through  the  connecting  screws  and 
liquids  of  the  rest  of  the  cells,  then  through  a  wire  to  a 
galvanometer,  then  through  the  coils  of  the  galvanometer, 
then  perhaps  through  an  electrolytic  cell,  and  finally 
through  a  return  wire  to  the  zinc  pole  of  the  battery.  In 
this  case  there  are  a  nimiber  of  separate  electromotive-forces 
all  tending  to  produce  a  flow,  and  a  number  of  different 
resistances,  each  impeding  the  flow  and  adding  to  the 
total  resistance.  If  in  such  a  case  we  knew  the  separate 
values  of  all  the  different  electromotive-forces  and  all  the 
different  resistances  we  could  calculate  what  the  current 
would  be,  for  it  would  have  the  value. 


^     ^    /+/'+/"  +  rfT  + 


r'  +  ?^'  +  r"'-{-r^''-h     .  .  . 
Total  electromotive-force 


Total  resistance 

If  any  one  of  the  cells  were  set  wrong  way  round  its 
electromotive-force  would  oppose  that  of  the  other  cells  ; 
an  opposing  electromotive-force  must  therefore  be  sub- 
tracted, or  reckoned  as  negative  in  the  algebraic  sum. 
The  "polarisation"  (Arts.  163  and  413)  which  occurs 
in  battery  cells  and  in  electrolytic  cells  after  working  for 
some  time  is  an  opposing  electromotive  -  force,  and 
diminishes  the  total  of  the  electromotive -forces  in  the 
circuit.  So,  also,  the  induced  back-current  which  is  set 
up  when  a  current  from  a  battery  drives  a  magneto- 
electric  engine  (Art.  377)  reduces  the  strength  of  the 
working  current. 

346.  Conductivity  and  Resistance. — The  term 
conductivity  is   sometimes   used  as   the   inverse    of 

resistance ;  and  the  reciprocal  —  represents  the  con- 
ductivity of  a  conductor  whose  resistance  is  r  ohms.  In 
practice,  however,  it  is  more  usual  to  speak  of  the 
resistances  of  conductors  than  of  their  conductivities. 
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S47.  Laws  of  Besistanoe. — Resistances  in  a  cir- 
cuit may  be  of  two  kinds — -firsts  the  resistances  of  the 
conductors  themselves;  second^  the  resistances  due  to 
imperfect  contact  at  points.  The  latter  kind  of  resistance 
is  affected  by  pressure,  for  when  the  surfaces  of  two 
conductors  are  brought  into  more  intimate  contact  with 
one  another,  the  current  pass«s  more  freely  from  one 
conductor  to  the  other.  The  contact-resistance  of  two 
copper  conductors  may  vary  from  infinity  down  to  a 
small  fraction  of  an  ohm,  according  to  the  pressure. 
The  variation  of  resistance  at  a  point  of  imperfect  con- 
tact is  utilised  in  Telephone  Transmitters  (Arts.  434, 
436).     The  following  are  the  laws  of  the  resistance  of 

conductors : 

i.   The  resistance  of  a  conducting  wire  is  proportioned 
to  its  length.     If  the  resistance  of  a  mile  of 
telegraph  wire  be  13  ohms,  that  of  fifty  miles 
will  be  50  X  13  =  650  ohms, 
ii.   The  resistance  of  a  conducting  wire  is  inversely 
proportional  to  the  area  of  its  cross  section^  and 
therefore  in  the  usual  round  wires  is  inversely 
proportional  to  the  square  of  its  diameter.     Ordi- 
nary telegraph  wire  is  about  ith  of  an  inch  thick ; 
a  wire  twice  as  thick  would  conduct  four  times  as 
well,  having  four  times  the  area  of  cross  section  : 
hence  an  equal  length  of  it  would  have  only  Jth 
the  resistance, 
iii.   The  resistance  of  a  conducting  wire  of  given  length 
and  thickness  depends  upon  the  material  of  which 
it  is  made, — ^that  is  to  say,  upon  the  speciflo 
resistance  of  the  material , 
348.  Specific  Besistance. — ^The  specific  resistance 
of  a   substance   is   best    stated    as    the    resistance   in 
"  absolute "  C.G.S.  imits  {i,e,  in  thousand  millionths  of 
aa  ohm)  of  a  centimetre  cube  of  the  substance.     The 
following  Table  also  gives  the  relative  conductivity  when 
that  of  silver  is  taken  as  100. 


3IO 
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TABLE   OF    SPECIFIC   RESISTANCE. 


Substance. 

Specific  Resistance. 

Relative  Conductivity. 

Metals, 
Silver 
Copper 
Gold 

Iron  (soft) 
Lead 

German  Silver 
Mercury  (liquid) 
Selenium  (annealed) 

1,609 
1,642 

2,154 
9,827 

19,847 
21,170 

96,146 
6  X  10I3 

100 
96 

74 
16 

8 

7-5 
1-6 

.  1 

40.000.000.000 

Liquids, 

Pure  Water  ) 
at  220C      i 

Dilute  H2SO4  ) 
(i^g  acid)      { 

Dilute  H2SO4  ) 
(i  acid)      { 

7-18     X  loW 
•332  X  lo^o 

•126   X    lO^*^ 

less  than  one 
millionth  part. 

1 
i 

Insulators, 

Glass  (at  200**c) 
Guttapercha 
(at  20^*0) 

2*27  X   10I6 
3*5     ^  10^ 

1 

less  than  one 
billionth, 

1 
1 

It  is  found  that  those  substances  that  possess  a  high 
conducting  power  for  electricity  are  also  the  best  con- 
ductors of  heat.  Liquids  are  worse  conductors  than  the 
metals,  and  gases  are  perfect  non-conductors,  except 
when  so  rarefied  as  to  admit  of  discharge  by  convection 
through  them  (Art.  283). 

349.  Effects  of  Heat  on  Resistance. — Changes 

.of  temperature  affect  temporarily  the  conducting  power 

t>f  metals.       Forbes   found    the  -resistance    of  iron    to 

.increase  considerably  as  the  temperature  is  raised.     The 

resistances  of  copper  and  lead  also  increase,  while  that 
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of  carbon  appears  on  the  other  hand  to  diminish  on 
heating.  German-silver  and  other  alloys  do  not  show 
so  much  change,  hence  they  are  used  in  making  standard 
resistance-coils.  Those  liquids  which  only  conduct  by 
being  electrolysed  (Art.  205),  conduct  better  as  the 
temperature  rises.  The  effect  of  light  in  varying  the 
resistance  of  selenium  is  stated  in  Art.  389. 

350.  Typical  Circuit. — Let  us  consider  the  typical 
case  of  the  circuit  shown 
in  Fig.  128,  in  which  a 
battery,  ZC,  is  joined  up 
in  circuit  with  a  galvano-  jEL- 
meter  by  Ineans  of  wires 
whose  resistance  is  R. 
The  total  electromotive- 
force  of  the  battery  we 
will  call  E,  and  the  total  ^'^s-  '^8. 

internal  resistance  of  the  liquids  in  the  cells  r.  The 
resistance  of  the  galvanometer  coils  may  be  called  G. 
Then,  by  Ohm's  law  : — 

•         C    =    ■ r* 

R  +  r  +  G 

The  internal  resistance  r  of  the  liquids  ol  the  battery 
bears  a  very  important  relation  to  the  external  resistance 
of  the  circuit  (including  R  and  G),  for  on  this  relation 
depends  the  best  way  of  arranging  the  battery  cells 
for  any  particular  purpose.  Suppose,  for  example, 
that  we  have  a  battery  of  50  small  Daniell's  cells  at 
our  disposal,  of  which  we  may  reckon  the  electro- 
motive-force as  one  volt  (or  more  accurately,  1*079  volt) 
each,  and  each  having  an  internal  resistance  of  two 
ohms.  If  we  have  to  use  these  cells  on  a  circuit  where 
there  is  already  of  necessity  a  high  resistance,  we  should 
couple  them  up  "in  simple  series "  rather  than  in 
parallel  branches  of  a  compound  circuit.  For,  suppos- 
ing we  have  to  send  our  current  through  a  line  of 
telegraph  100  miles  long,  the  external  resistance  R  will 
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be  (reckoning  13  ohms  to  the  mile  of  wire)  at  least 
1300  ohms.  Through  this  resistance  a  single  such  cell 
would  give  a  current  of  less  than  one  milli-amp^re,  for 
here  E  =  i,  R  =  1300,  r  =  2,  and  therefore 

C  =  5— r—  =  r-    =  —  of  an  ampere,  a  current  far 

R  +  r  1300  +  2  1302  ^        ' 

too  weak  to  work  a  telegraph  instrument. 

With  fifty  such  cells  in  series  we  should  have  E  =  50, 
r  =  100,  and  then 

C  =  — 5i —  =  J2-  —  i  of  an  ampere,  or  over  3  5  milli- 
1300  + 100       1400       28  *^      '  ^"^ 

amperes.      In  telegraph  work,  where  the   instruments 

require  a  current  of  5  to  10  milli-amp^res  to  work  them, 

it  is  usual  to  reckon  an  additional  Daniell's  cell  for  every 

5  miles  of  line,  each  instrument  in  the  circuit  being 

counted  as  having  as  great  a  resistance  as  10  miles  of 

wire. 

If,  however,  the  resistance  of  the  external  circuit  ^  be 
small,  such  arrangements  must  be  made  as  will  keep  the 
total  internal  resistance  of  the  battery  small.  Suppose, 
for  example,  we  wish  merely  to  heat  a  small  piece  of 
platinum  wire  to  redness,  and  have  stout  copper  wires 
to  connect  it  with  the  battery.  Here  the  external  resist- 
ance may  possibly  not  be  as  much  as  one  ohm.  In  that 
case  a  single  cell  would  give  a  current  of  J  of  an  ampere 
(or  333  milli-ampferes)  through  the  wire,  for  here  E  =  i, 
R  =  I,  and  r  =  2.  But  ten  cells  would  only  give  half 
as  much  again,  or  476  milli-amp^res,  and  fifty  cells  only 
495  milli-amp^res,  and  with  an  infinite  number  of  such 
cells  in  series  the  ciurent  could  not  possibly  be  more 
than  500  milli-amp^res,  because  every  cell,  though  it  adds 
I  to  E,  adds  2  to  R.  It  is  clear  then  that  though  link- 
ing many  cells  in  series  is  of  advantage  where  there  is 
the  resistance  of  a  long  line  of  wire  to  be  overcome,  yet 
where  the  external  resistance  is  small  the  practical  advan- 
tage of  adding  cells  in  series  soon  reaches  a  limit. 

But  suppose  in  this  second  case^  where  the  external 
resistance  of  the  circuit  is  small,  we  reduce  also  the 
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internal  resistance  of  our  battery  by  linking  cells  to- 
gether in  parallel  branches  of  a  compound  circuit,  join- 
ing  several  zincs  of  several  cells  together,  and  joining 
also  their  copper  poles  together  (as  suggested  in  Art. 
181),  a  different  and  better  result  is  attained.  Suppose 
we  thus  join  up  four  cells.  Their  electromotive-force 
will  be  no  more,  it  is  true,  than  that  of  one  cell,  but 
their  resistance  will  be  but  J  of  one  such  cell,  or  J  an 
ohm.  These  four  cells  woidd  give  a  current  of  666 
milli-amp^res  through  an  external  resistance  of  1  ohm, 
for  if  E  =2  I,  R  =  I,  and  the  internal  resistance  be  j 
of  r,  or  =  J^,  then 

C  =  ^^        =  §  of  an  ampere,  or  666  milli-ampferes. 

351.  Best  G-roupingr  of  Cells.  —  It  is  at  once 
evident  that  if  we  arrange  the  cells  of  a  battery  in  n 
files  of  m  cells  in  series  in  each  file  (there  being  m  x  n 
similar  cells  altogether),  the  electromotive-force  of  each 
file  will  be  m  times  the  electromotive -force  E  of  each 
cell,  or  mE ;  and  the  resistance  of  each  file  will  be  m 
times  the  resistance  r  of  each  cell,  or  mr.  But  there 
being   n   files   in  parallel  branches  the  whole   internal 

resistance  will  be  only-  of  the  resistance  of  any  one  file, 

or  will  be  -r,  hence,  by  Ohm's  law,  such  a  battery  would 
give  as  its  current 

It  can  be  shown  mathematically  that,  for  a  given  battery  of  cells,  the  most 
effective  way  of  grouping  them  when  they  are  required  to  work  through  a 
given  external  resistance  R,  is  so  to  choose  m  and  h,  that  tAe  intemeu 

resistance  ( -r)  shall  equal  the  external  resistance.    The  student  should 
^  ft   ' 

verify  this  rule  by  takine  examples  and  working  them  out  for  different 

^;roupings  of  the  cells.    Although  this  arrangement  gives  the  strongest  current 

It  is  not  the  most  economical ;  for  if  the  internal  and  external  resistances  be 

equal  to  one  another,  the  useful  work  in  the  outer  circuit  and  the  useless 

work  done  in  heating  the  cells  will  be  equal  also,  half  the  energy  being 

wasted.    The  greatest  economy  is  attained  when  the  external  resistance  is 

very  ^eat  as  compared  with  the  internal  resistance  ;  only,  in  this  case,  the 

materials  of  the  battery  will  be  consumed  slowly,  and  the  current  will  not  be 

dra¥m  off  at  its  greatest  possible  strength. 
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352.  Long  and  Short  Coil  Instruments. — The  student  will 
also  now  have  no  difficulty  in  perceiving  why  a  "long-coil" 
galvanometer,  or  a  "long-coil"  electromagnet,  or  instrument  of 
any  kind  in  which  the  conductor  is  a  long  thin  wire  of  high 
resistance,  must  not  be  employed  on  circuits  where  both  R  and 
r  are  already  small.  He  will  also  understand  why,  on  circuits 
of  great  length,  or  where  there  is  of  necessity  a  high  resistance 
and  a  battery  of  great  electromotive  force  is  employed,  "short- 
coil  "  instruments  are  of  little  service,  for  though  they  add  little 
to  tlie  resistances  their  few  turns  of  wire  are  not  enough  with 
the  small  currents  that  circulate  in  high-resistance  circuits  ;  and 
why  "  long-coil "  instruments  are  here  appropriate  as  multiplying 
the  eifects  of  the  currents  by  their  many  turns,  their  resistance, 
though  perhaps  large,  not  being  a  serious  addition  to  the  existing 
resistances  of  the  circuit.  A  galvanometer  with  a  "  long-coil  " 
of  high  resistance,  if  placed  as  a  shunt  across  two  points  of  a 
circuit,  will  draw  therefrom  a  current  proportional  to  the  differ- 
ence of  potential  between  those  points.  Hence  such  an  instru- 
ment may  be  used  as  a  voltmeter  (Art.  360  d») 

363.  Divided  Oircuits. — If  a  circuit  divides,  as  in 
Fig.  129,  into  two  branches  at  A,  uniting  together  again 

at  B,  the  current  will  also 
be  divided,  part  flowing 
through  one  branch  part 
through  the  other.  The 
relative  strengths  of  cur- 
rent in  the  two  branches 
will  be  proportional  to 
their  conductivities,  /.^., 
inversely  proportional  to 
their  resistances.  Thus,  if  r  be  a  wire  of  2  ohms  re- 
sistance and  r'  3  ohms,  then  current  in  r:  current  in 


Fig.  129. 


r  ^=.  r  \r 


=  3:2, 
or,  f  of  the  whole  current  will  flow  through  r,  and  \  of 
the  whole  current  through  r'. 

The  joint  resistance  of  the  divided  circuit  between  A 
and  B  will  be  less  than  the  resistance  of  either  branch 
singly,  because  the  current  has  now  choice  of  either  path. 
In  fact,  the  joint  conductivity  will  be  the  sum  of  the  two 
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separate  conductivities.     And  if  we  call  the  joint  resist^ 
ance  R,  it  follows  that 


1  _  1 


■^  '^  -  + 


3.  sa  ^'  +  r 


R       r       r'  rr' 

whence   R  =    r[    %    or,    in   words,    the  joint 

resistance  of  a  divided  conductor  is  equal  to  the  product 
of  the  two  separate  resistances  divided  by  their  sum, 

KirchhoflF  has  given  the  following  important  laws,  both  o\ 
them  deducible  from  Ohm's  law. 

(i. )  In  any  branching  outwork  of  wires  the  algebraic  sum  oj 
the  currents  in  all  the  wires  that  meet  in  any  point  is 
zero, 

(ii.)  When  there  are  several  electromotive -forces  acting  at 
different  points  of  a  circuit ,  the  total  electromotive -force 
round  the  circuit  is  equcU  to  the  sum  of  the  resistances 
of  its  separate  parts  multiplied  ea^h  into  the  strength  of 
the  current  thai  flows  through  it. 


X 


364.  Ourrent  Sheets. — When  a  current  enters  a 
solid  conductor  it  no  longer  flows  in  one  line  but  spreads 
out  and  flows  through  the  mass  of  the  conductor.  When 
a  current  is  led  into  a  thin  plate  of  conducting  matter  it 
spreads  out  into  a  "  current  sheet "  and  flows  through 
the  plate  in  directions  that  depend  upon  the  form  of  the 
plate  and  the  position  of  the  pole  by  which  it  returns  to 
the  battery.  Thus,  if  wires  from  the  two  poles  of  a 
battery  are  brought  into  contact  with  two  neighbouring 
points  A  and  B  in  the  middle  of  a  very  large  flat  sheet 
of  tinfoil,  the  current  flows  through  the  foil  not  in  one 
straight  line  from  A  to  B,  but  in  curving  "  lines  of  flow," 
which  start  out  in  all  directions  from  A,  and  curl  round  to 
meet  in  B,  in  curves  very  like  those  of  the  "  lines  of  force  " 
that  run  from  the  N.-pole  to  the  S.-pole  of  a  magnet 
(Fig.  50).  When  the  earth  is  used  as  a  return  wire  to 
conduct  the  telegraph  currents  (Fig.  160),  a  similar 
spreading  of  the  currents  into  current  sheets  occurs. 
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Lesson  XXX. — Electrical  Mectsurtments, 

855.  The  practical  electrician  has  to  measure  electri- 
cal resistances,  electromotive -forces,  and  the  capacities 
of  condensers.  Each  of  these  several  quantities  is 
measured  by  comparison  with  ascertained  standards,  the 
particular  methods  of  comparison  varying,  however,  to 
meet  the  circumstances  of  the  case.  Only  a  few  simple 
cases  can  be  here  explained. 

356.  Measurement  of  Besistanoa — Resistance 
is  that  which  stops  the  flow  of  electricity.  Ohm's  law 
shows  us  that  the  strength  of  a  current  due  to  an  electro- 
motive force  falls  off  in  proportion  as  the  resistance,  in 
the  circuit  increases. 

(a)  It  is  therefore  possible  to  compare  two  resistances 
with  one  another  by  finding  out  in  what  proportion  each 
of  them  will  cause  the  current  of  a  constant  battery  to 
fall  off.  Thus,  suppose  in  Fig.  128  we  have  a  standard 
battery  of  a  few  Daniell's  cells,  joined  up  in  circuit  with 
a  wire  of  an  unknown  resistance  R,  and  with  a  galvan- 
ometer, we  shall  obtain  a  current  of  a  certain  strength, 
as  indicated  by  the  galvanometer  needle  experiencing  a 
certain  deflection.  If  we  remove  the  wire  R,  and  sub- 
stitute in  its  place  in  the  circuit  wires  whose  resistances 
we  knowy  we  may,  by  trying,  find  one  which,  when  inter- 
posed in  the  path  of  the  current,  gives  the  same  deflection 
on  the  galvanometer.  Hence  we  shall  know  that  this 
wire  and  the  one  we  called  R  offer  equal  resistance  to 
the  current.  Such  a  process  of  comparison,  which  we 
may  call  a  method  of  substitution  of  equivalent  resistances, 
was  further  developed  by  Wheatstone,  Jacobi,  and  others, 
when  they  proposed  to  employ  as  a  standard  resistance 
a  long  thin  wire  coiled  upon  a  wooden  cylinder,  so  that 
any  desired  length  of  the  standard  wire  might  be  thrown 
into  the  circuit  by  unwinding  the  proper  number  of  turns 
of  wire  off  the  cylinder,  or  by  making  contact  at  some 
point  at  any  desired  distance  from  the  end  of  the  wire. 
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Such  an  instrument  was  known  as  a  Rheostat,  but  it  is 
now  superseded  by  the  resistance  coils  explained  below. 

{b)  The  method  explained  above  can  •  be  used  witt 
any  galvanometer  of  sufficient  sensitiveness,  but  if  a 
tangent  galvanometer  is  available  the  process  may  be 
shortened  by  calculation.  Suppose  the  tangent  galvano- 
meter and  an  unknown  resistance  R  to  be  included  in 
the  circuit,  as  in  Fig.  128,  and  thalJthe  current  is  strong 
enough  to  produce  a  deflection  of  o^egrees :  Now  sub- 
stitute for  R  any  known  resistance  R',  which  will  alter  the 
deflection  to  b' ;  then  (provided  the  other  resistances  of 
the  circuit  be  negligibly  small)  it  is  clear  that  since  the 
strengths  of  the  currents  are  proportional  to  tan  d  and 
Jan  ^  respectively,  the  resistance  R  can  be  calculated  by 
\he  inverse  proportion        ^  fr~.   f^ 

tan  ffi  tano  =  R'  :  R.  -'  ' 

{c)  With  a  differential  galvanometer  (Art.  203),  and  a 
set  of  standard  resistance  coils,  it  is  easy  to  measure  the 
resistance  of  a  conductor.  Let  the  circuit  divide  into  two 
branches,  so  that  part  of  the  current  flows  through  the 
unknown  resistance  and  round  one  set  of  coils  of  the 
galvanometer,  the  other  part  of  the  current  being  made 
to  flow  through  the  known  resistances  and  then  round 
the  other  set  of  coils  in  the  opposing  direction.  When 
we  have  succeeded  in  matching  the  unknown  resistance 
by  one  equal  to  it  from  amongst  the  known  resistances, 
the  currents  in  the  two  branches  will  be  equal,  and  the 
needle  of  the  differential  galvanometer  will  show  no 
deflection.  With  an  accurate  instrument  this  null  method 
is  very  reliable. 

(d)  The  best  of  all  the  ways  of  measuring  resistances 
is,  however,  with  a  set  of  standard  resistance  coils  and 
the  important  instrument  known  as  Wheatstone's  Bridge, 
described  below  in  Art.  358. 

{e)  To  measure  very  high  resistances  the  plan  may  be 
adopted  of  charging  a  condenser  from  a  standard  battery 
for  a  definite  period  through  the  resistance,  and  then 
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ascertaining  the  accumulated  charge  by  discharging  it 
through  a  ballistic  galvanometer  (Art.  204). 

367.  Pall  of  Potential  aJon^r  a  Wire. — To  under- 
stand the  principle  of  Wheatstone's  Bridge  we  must 
explain  a  preliminary  point.  If  the  electric  potential  of 
different  points  of  a  circuit  be  examined  by  means  of  an 
electrometer,  as  explained  in  Art.  263,  it  is  found  to  de- 
crease all  the  way  round  the  circuit  from  the  +  pole  of 
the  battery,  where  it  is  highest,  down  to  -  pole,  where 
it  is  lowest.  If  the  circuit  consist  of  one  wire  of  uniform 
thickness,  which  offers,  consequently,  a  uniform  resistance 
to  the  current,  it  is  found  that  the  potential  falls  uniformly; 
if,  however,  part  of  the  circuit  resists  more  than  another, 
it  is  found  that  the  potential  falls  most  rapidly  along  the 
conductor  of  greatest  resistance.  But  in  every  case  the 
fall  of  potential  between  any  two  points  is  proportional  to 
the  resistance  between  those  two  points ;  and  we  know,  for 
example,  that  when  we  have  gone  round  the  circuit  to 
a  point  where  the  potential  has  fallen  through  half  its 
value,  the  current  has  at  that  point  gone  through  half 
the  resistances. 

368.  Wheatstone's  Bridgre. — This  instrument, 
invented  by  Christie,  and  applied  by  Wheatstone  to 
measure  resistances,  consists  of  a  system  of  conductors 
shown  in  diagram  in  Fig.  1 30.  The  circuit  of  a  constant 
battery  is  made  to  branch  at  P  into  two  parts,  which 
re-unite  at  Q,  so  that  part  of  the  current  flows  through 
the  point  M,  the  other  part  through  the  point  N.  The 
four  conductors  D,  C,  B,  A,  are  spoken  of  as  the  "  arms  " 
of  the  "balance"  or  "bridge;"  it  is  by  the  proportion 
subsiding  between  their  resistances  that  the  resistance 
of  one  of  them  can  be  calculated  when  the  resistances  of 
the  other  three  are  known.  When  the  current  which 
starts  from  C  at  the  battery  arrives  at  P,  the  potential 
will  have  fallen  to  a  certain  value.  iThe  potential  of  the 
current  in  the  upper  branch  falls  again  to  M,  and 
continues  to  fall  to  Q.       The  potential  of  the  lower 
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branch  falls  to  N,  and  again  falls  till  it  reaches  the  value 
at  Q.     Now  if  N  be  the  same  proportionate  distance 


Fig.  130. 

along  the  resistances  between  P  and  Q,  as  M  is  along 
the  resistances  of  the  upper  line  between  P  and  Q,  the 
potential  will  have  fallen  at  N  to  the  same  value  as  it 
has  fallen  to  at  M  ;  or,  in  other  words,  if  the  ratio  of  the 
resistance,  C  to  the  resistance  D  be  equal  to  the  ratio 
between  the  resistance  A  and  the  resistance  B,  then  M 
and  N  will  be  at  equal  potentials.  To  find  out  whether 
they  are  at  equal  potentials  a  sensitive  galvanometer  is 
placed  in  a  branch  wire  between  M  and  N  ;  it  will, show 
no  deflexion  when  M  and  N  are  at  equal  potentials ;  or 
when  the  four  resistances  of  the  arms  "  balance "  one 
another  by  being  in  proportion,  thus  : — 

A  :  C  : :  B  :  D. 

If,  then,  we  know  what  A,  B,  and  C  are,  we  can  calculate 

D,  which  will  be  B  x  C 

D  =    -j~ 

ExAMPLE. — Thus  if  A  and  C  are  (as  in  Fig.  133)  10  ohms 
and  100  ohms  respectively,  and  B  be  15  ohms,  D  will 
be  15  X  100  -rr  10  =  150  ohms. 
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859.  Besietance  Oolte. — Wires  of  standard  resist- 
ance are  now  sold  by  instrument  makers  under  the  name 
of  Resistance  Coils.  They  consist  of  coils  of  gennan- 
silver  (see  Art.  349)  (or  sometimes  silver-iridium  alloy), 
wound  with  great  care,  and  adjusted  to  such  a  length  as 
to  have  resistances  of  a  definite  number  of  oAotj.  In  order 
to  avoid  self-induction, 
and  the  consequent  sparks 
(see  Art.  404)  at  the 
opening  or  closing  of  the 
circuit,  they  are  wound 
in  the  peculiar  manner 
indicated  in  Fig.  131, 
each  wire  (covered  with 
silk  or  paraffined- cotton) 
being  doubled  on  itself 
before  being  coiled  up.  Each  end  of  a  coll  is  soldered 
to  a  solid  brass  piece,  as  coil  i  to  A  and  B,  coil  2  to 
B  and  C  ;  the  brass  pieces  being  themselves  fixed  to  a 
block  of  ebonite  (forming  the  top  of  the  "  resistance 
box "),  with  sufficient  room  between  them  to  admit  of 
the  insertion  of  stout  well-fitting  plugs  of  brass.  Fig. 
132  shows  a  complete  resistance -box,  as  fitted  up  for 


electrical   testing,   with   the   plugs   in   their  places.       So 
long  as  the  plugs  remain  in,  the  current  flows  through 
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the  solid  brass  pieces  and  plugs  without  encountering 
any  serious  resistance ;  but  when  any  plug  is  removed, 
the  current  can  only  pass  from  the  one  brass  piece  to 
the  other  by  traversing  the  coil  thus  thrown  into  circuit. 
The  series  of  coils  chosen  is  usually  of  the  following 
numbers  of  ohms*  resistance — i,  2,  2,   5  ;    10,  20,  20, 

50;  100,  200,  200,  500 ; up  to  10,000  ohms. 

By  pulling  out  one  plug  any  one  of  these  can  be  thrown 
into  the  circuit,  and  any  desired  whole  number,  up  to 
20,000,  can  be  made  up  by  pulling  out  more  plugs ;  thus 
a  resistance  of  263  ohms  will  be  made  up  as  200  +  50 
+  10  +  2  +  I. 

It  is  usual  to  construct  Wheatstone's  bridges  with  some 
resistance  coils  in  the  arms  A  and  C,  as  well  as  with  a 
complete   set   in   the   arm   B.     The  advantage  of  this 


Fig.  133 

arrangement  is  that  by  adjusting  A  and  C  we  determine 
the  proportionality  between  B  and  D,  and  can,  in  certain 
cases,  measure  to  fractions  of  an  ohm.  Fig.  133  shows 
a  more  complete  scheme,  in  which  resistances  of  10,  100, 
and  1000  ohms  are  included  in  the  arms  A  and  C. 

Y 
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Example. — Suppose  we  had  a  wire,  whose  resistance  we 

knew  to  be  between  46  and  47  ohms^  and  wished  to 

measure  the  fraction  of  an  ohm^  we  should  insert  it  at  D, 

and  make  A  100  ohms  and  C  10  ohms  ;  in  that  case  D 

would  be  balanced  by  a  resistance  in  B  10  times  as  great 

as  the  wire  D.     If,  on  trial,  this  be  found  to  be  464  ohms 

we  know  that  D  =  464  x  lo  -7-  100  =  46*4  ohms. 

In  practice  the  bridge  is  seldom  or  never  made  in  the 

lozenge -shape  of  the  diagrams.     The  resistance -box  of 

Fig.  132  is,  in  itself,  a  complete  "bridge,"  the  appropriate 

connections  being  made  by  screws  at  various  points.     In 

using  the  bridge  the  battery  circuit  should  always  be 

completed  by  depressing  the   key  K^  before   the   key 

K,  of  the  galvanometer  circuit  is  depressed,  in   order 

to  avoid  the  sudden  violent  "  throw  "  of  the  galvanometer 

needle,  which  occurs  on  closing  circuit  in  consequence  of 

self-induction  (Art.  404). 

360.  Measurement  of  Electromotive-Force. — 
There  being  no  easy  absolute  n>ethod  of  measuring 
electromotive-forces,  they  are  usually  measured  relatively, 
by  comparison  with  the  electromotive-force  of  a  standard 
cell,  such  as  that  of  Daniell  (Art.  170),  or  better  still 
that  of  Latimer  Clark  (Art.  177).  The  methods  of 
comparison  are  various  ;  only  four  can  here  be  men- 
tioned. 

{a)  Call  E  the  electromotive-force  of  the  battery  to  be 
measured,  and  E'  that  of  a  standard  battery.  Join  E 
with  a  galvanometer,  and  let  it  produce  a  deflection  of 
^1  degrees  through  the  resistances  of  the  circuit ;  then 
add  enough  resistance  r  to  bring  down  the  deflection  to 
5j  degrees — say  10  degrees  less  than  before.  Now 
substitute  the  standard  battery  in  the  circuit  and  adjust 
the  resistances  till  the  deflection  is  5i  as  before,  and  then 
add  enough  resistance  /,  to  bring  down  the  deflection 
to  Sj.     Then 

r'  :  f  =  E'  :  E, 
since  the  resistances  that  will  reduce  the  strength  of  the 
current  equally  will  be  proportional  to  the  electromotive- 
forces. 


It'OW- 
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{d)  If  the  poles  of  a  standard  battery  are  joined  by  a  long 
thin  wire,  the  potential  will  fall  uniformly  from  the  +  to 
the  —  pole.  Hence,  by  making  contacts  at  one  pole 
and  at  a  point  any  desired  distance  along  the  wire,  any 
desired  proportional  part  of  the  whole  electromotive-force 
can  be  taken.  This  proportional  part  may  be  balanced 
against  the  electromotive-force  of  any  other  battery,  or 
used  to  compare  the  diiference  between  the  electromotive- 
forces  of  two  diiferent  cells. 

(c)  The  electromotive-force  of  a  battery  may  be  measured 
directly  as  a  difference  of  potentials  by  a  quadrant  electro- 
meter. In  this  case  the  circuit  is  never  closed,  and  no 
current  flows. 

(d)  If  a  galvanometer  be  constructed  so  that  the  resistance 
of  its  coils  is  several  thousand  ohms,  in  comparison  with 
which  the  internal  resistance  of  a  battery  or  dynamo 
machine  is  insignificant,  such  a  galvanometer  will  serve 
to  measure  electromotive-forces  ;  for,  by  Ohm's  law,  the 
strength  of  current  which  such  a  battery  or  dynamo  can 
send  through  it  wiU  depend  only  on  the  electromotive- 
force  between  the  ends  of  the  coil.  Such  a  galvanometer, 
suitably  graduated,  is  sometimes  called  a  "  Volt-meter  ^^ 
or  ^*  Potential  galvanometer^  It  can  be  used  to  determine 
the  difference  of  potential  between  any  two  points  of  a 
circuit  by  connecting  its  terminals  as  a  shunt  to  the 
circuit  between  these  two  points. 

861.  Measurement  of  Internal  Besistanoe  of 

Battery. — This  may  be  done  in  three  ways. 

J^a)  Note  by  a  tangent  galvanometer  the  strength  of  the 
current,  first,  when  the  resistance  of  the  external  circuit 
is  small ;  and  secondly,  when  a  larger  known  external 
resistance  is  introduced.  From  this  the  proportion 
between  the  internal  resistance  and  the  introduced  ex- 
ternal resistance  can  be  calculated. 

{b)  {Method  of  Opposition). — Take  two  similar  cells  and 
join  them  in  opposition  to  one  another,  so  that  they  send 
no  current  of  their  own.  Then  measure  their  united 
resistance  just  as  the  resistance  of  a  wire  is  measiured. 
The  resistance  of  one  cell  will  be  half  that  of  the  two. 

{c)  {Mancis  Method), — Place  the  cell  itself  in  one  arm  of 
the  Wheatetone's  bridge,  and  put  a  key  where  the  battery 
usually  is,  adjust  the  resistances  till  the  permanent  galvano- 
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meter  deflection  is  the  same  whether  the  key  be  depressed 
or  not.  When  this  condition  of  things  is  attained  the 
battery  resistance  is  balanced  by  those  of  the  other  three 
arms.     {Not  a  reliable  method,) 

362.  Measurement  of  Capacity  of  a  Con- 
denser.— The  capacity  of  a  condenser  may  be  measured 
by  comparing  it  with  the  capacity  of  a  standard  con- 
denser— such  as  the  ^  microfarad  condenser  shown  in 
Fig.  1 06, — in  one  of  the  following  ways  : — 

{a)  Charge  the  condenser  of  unknown  capacity  to  a 
certain  potential ;  then  make  it  share  its  charge  with  the 
condenser  of  known  capacity,  and  measure  the  potential 
to  which  the  charge  sinks ;  then  calculate  the  original 
capacity,  which  will  bear  the  same  ratio  to  the  joint 
capacity  of  the  two  as  the  final  potential  bears  to  the 
original  potential. 

{b)  Charge  each  condenser  to  equal  differences  of 
potential,  and  then  discharge  each  successively  through 
a  ballistic  galvanometer  (Art.  204),  when  the  sine  of  half 
the  angle  of  the  first  swing  of  the  needle  will  be  propor- 
tional in  each  case  to  the  charge,  and  therefore  to  the 
capacity. 

{c)  Charge  the  two  condensers  simultaneously  from 
one  pole  of  the  same  battery,  interposing  high  resistances 
in  each  branch,  and  adjusted  so  that  the  potential  rises 
at  an  equal  rate  in  both ;  then  the  capacities  are  inversely 
proportional  to  the  resistances  through  which  they  are 
respectively  being  charged. 

{d)  Another  method,  requiring  no  standard  condenser, 
is  as  follows  : — Allow  the  condenser,  whose  capacity  is  to 
be  measured,  to  discharge  itself  slowly  through  a  wire  of 
very  high  resistance.  The  time  taken  by  the  t)otential 
to  fall  to  any  given  fraction  of  its  original  value  is  pro- 
portional to  the  resistance,  to  the  capacity,  and  to  the 
logarithm  of  the  given  iraction. 

363.  Besistance  Expressed  as  a  Velocity. — It  will  be 
seen,  on  reference  to  the.  table  of  "Dimensions"  of  electro- 
magnetic miits  (Art.  324),  that  the  dimensions  of  resistance  are 


J 
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given  as  LT— ^,  which  are  the  same  dimensions  (see  Art.  258)  as 
those  of  a  velocity.  Every  resistance  is  capable  of  being 
expressed  as  a  velocity.  The  following  considerations  may 
assist  the  student  in  forming  a  phjrsical  conception  of  this  : — 
Suppose  we  have  a  circuit  composed  of  two  horizontal  rails 


(Fig.  134),  CS  and  DT,  I  centim.  apart,  joined  at  CD,  and 
completed  by  means  of  a  sliding  piece  AB.  Let  this  variable 
circuit  be  placed  in  a  imiform  magnetic  field  of  unit  intensity, 
the  lines  of  force  being  directed  vertically  downwards  through 
the  circuit.  If,  now,  the  slider  be  moved  along  towards  ST 
with  a  velocity  of  n  centimetres  per  second,  the  number  of 
additional  lines  of  force  embraced  by  the  circuit  will  increase  at 
the  rate  n  per  second  j  or,  in  other  words,  there  will  be  an 
indiued  electromotive  -  force  (Art.  394)  impressed  upon  the 
circuit,  which  will  cause  a  current  to  flow  through  the  slider 
from  A  to  B.  Let  the  rails  have  no  resistance,  then  the 
strength  of  the  current  will  depend  on  the  resistance  of  AB. 
Now  let  AB  move  at  such  a  rate  that  the  current  shall  be  of 
unit  strength.  If  its  resistance  be  one  "absolute"  (electro- 
magnetic) unit  it  need  only  move  at  the  rate  of  i  centim.  per 
second.  If  its  resistance  be  greater  it  must  move  with  a  pro- 
portionately greater  velocity ;  the  velocity  at  which  it  must 
move  to  keep  up  a  current  of  unit  strength  being  numerically 
equal  to  its  resistance.  The  resistance  known  as  ^^one  ohm  "  is 
intended  to  be  10®  absolute  electromagnetic  units,  and  therefore  is 
represented  by  a  velocity  ofl&  centimetres,  or  ten  million  metres 
(one  earth-quadrant)  per  second. 

364.  Evalnatioii  of  the  Ohm.— The  value  of  the  ohm  in  absolute  measure 
was  determined  by  a  Committee  of  the  British  Association  in  London  in  x863. 
It  being  impracticable  to  give  to  a  horizontal  siiding-piece  so  high  a  velocity 
as  was  necessitated,  the  velocity  which  corresponded  to  the  resistance  of  a 
wire  was  measured  in  the  following  way  : — ^A  ring  of  wire  (of  many  turns), 
pivoted  about  a  vertical  axis,  as  in  Fig.  135,  was  made  to  rotate  very  rapidly 
and  uniformly.  Such  a  ring  in  rotating  cuts  the  lines  of  force  of  the  earth's 
magnetism.    The  northern  half  of  the  rin^  in  movbg  from  west  toward  east. 
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will  have  (see  Rule  Art.  395)  an  upward  current  induced  in  it,  while  the 
southern  half,  in  crossing  /rom  east  toward  west,  will  have  a  downward 

current  induced  in  it.  Hence  the 
rotating  ring  will,  as  it  spins,  act 
as  its  own  galvanometer  if  a  small 
magnet  be  hung  at  its  middle  ;  the 
magnetic  effect  due  to  the  rotating 
coil  being  proportional  directly  to 
the  horizontal  component  of  the 
earth's  magnetism,  to  the  velocity 
of  rotation,  and  to  the  number  of 
tiuns  of  wire  in  the  coil,  and  in- 
versely proportional  to  the  resist- 
ance of  the  wire  of  the  coils.  Hence, 
all  the  other  data  being  known,  the 
resistance  can  be  calculated  and 
measured    as   a   velocity.      The 


W 
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Fig.  135- 


existing  okms  or  B.A.  units  were  constructed  by  comparison  with  this 
rotating  coil ;  but  there  being  some  doubt  as  to  whether  the  B.A.  unit  really 
represented  lo^  centims.  per  second,  a  redetermination  of  the  ohm  was 
suggested  in  x88o  by  the  British  Association  Committee. 

364  (bis).  The  Legal  Ohm— At  the  International  Congress  of  Electricians 
in  Paris  1881  the  project  for  a  redetermination  of  the  ohm  was  endorsed,  and 
it  was  also  agreed  that  the  practical  standards  should  no  longer  be  con- 
structed in  German  silver  wire,  but  that  they  should  be  made  upon  the  plan 
originally  suggested  by  Siemens,  by  defining  the  practical  ohm  as  the  resist- 
ance of  a  column  of  pure  mercury  of  a  certain  length,  and  of  one  millimetre 
of  cross-section.  The  original  "  Siemens'  imit "  was  a.  column  of  mercury 
one  metre  in  length,  and  one  square  millimetre  in  section,  and  was  rather 
less  than  an  ohm  (0*9415  B.A.  unit).  Acting  on  measurements  made  by  the 
best  physicists  of  Europe,  the  Paris  Congress  of  1884  decided  that  the 
mercury  column  representing  the  legal  ohm  shall  be  loiS  centimetres  in 
length.  [Lord  Rayleigh's  determination  gave  106 '21  centimetres  of  mercury, 
as  representing  the  true  theoretical  ohm  (=  lo^  absolute  units).]  Our  old 
B.A.  ohm  is  only  0*9887  of  the  new  legal  ohm ;  and  our  old  volt  is  0*9887  of 
the  legal  volt. 
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NOTE  ON  THE  RATIO  OF  THE  ELECTROSTATIC  TO  THE 
ELECTROMAGNETIC  UNITS. 

365.  If  the  student  will  compare  the  Table  of  Dimensions  of  Electrostatic 
Units  of  Art.  258  with  that  of  the  Dimensions  of  Electromagnetic  Units  of 
Art.  324,  he  will  observe  that  the  dimensions  assigned  to  similar  units  are 
different  in  the  two  systems.  Thus,  the  dimensions  of  "Quantity"  in 
electrostatic  measure  are  M*  L^  T~\  and  in  electromagnetic  measure  are 

M*  L'*  Dividing  the  former  by  the  latter  we  get  LT-l,  a  quantity  which 
we  at  once  see  is  of  the  natiure  of  a  velocity.  This  velocity  occurs  in  every 
case  in  the  ratio  of  the  electrostatic  to  the  electromagnetic  measure  of  every 
unit.  It  is  a  definite  concrete  velocity,  and  represents  that  velocity  at  which 
two  electrified  particles  must  travel  along  side  by  side  in  order  that  their 
mutual  electromagnetic  attraction  (considered  as  equivalent  in  moving  to 
two  parallel  currents)  shall  just  equal  their  mutual  electrostatic  repulsion, 
see  Art.  337.  This  velocity,  "  c,"  which  is  of  enormous  importance  in  the 
electromagnetic  theory  0/ light  (Art.  390),  has  been  measuied  in  several  ways. 


Unit. 

Electrostatic 

Electromagnetic. 

Ratio. 

Quantity     . 
Potential     . 
Capacity     . 
Resistance  . 

M^  L*  T-i 

M^  L*  T-i 

L 

L-i  T 

MT  L* 

M^  L^  T-2 

L_i  x2 

LT-i 

LT-l    =2, 

L-^  T  =  ^ 
La  x-3  _  ^ 

L-2  xa  =  \^ 

(a)  Weber  and  Kohlrausch  measured  the  electrostatic  unit  of  quantity 
and  compared  it  with  the  electromagnetic  unit  of  quantity,  and  found  the  ratio 
z'  to  be  =  3 '1074  X  xo^o  centims.  per  second. 

{b)  Sir  W.  Thomson  compared  the  two  units  of  potential  and  found 

V  =3  2-825     X  lo^'i 
and  later,  ^3*93      X  zo^O* 

{c)  Professor  Clerk  Maxwell  balanced  a  force  of  electrostatic  attraction 
against  one  of  electromagnetic  repulsion,  and  found 

V  «  2-88       X  xolO. 

(d)  Professors  Ayrton  and  Perry  measured  the  capacity  of  a  condenser 
electromagnetically  by  discharging  it  into  a  ballistic  galvanometer,  and 
electrostatically  by  calculations  from  its  size,  and  found 

V  s=  2*980     X  iqIO. 

{e)  Professor  Joseph  J.  Thomson  compared  the  capacity  of  a  condenser 
as  measured  electrostatically  by  calculation  and  as  measured  electromag- 
netically on  a  Wheatstone's  bridge,  and  deduced 

V  —  2*963    X  iqI®. 
Tlu  tfelocity  0/ light  is  believed  to  be           =  2*9992  x  iqI*  ; 

or,  according  to  G.  Forbes's  latest  determination, 

the  velocity  of  red  light  is  a  '9826  X  lo^^. 
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CHAPTER    VII. 

HEAT,  LIGHT,  AND  WORK,  FROM  ELECTRIC  CURRENTS. 

Lesson  XXX  L — Heating  Effects  of  Currents. 

366.  Heat  and  Resistance. — A  current  may  do 
work  of  various  kinds,  chemical,  magnetic,  mechanical, 
and  thermal.  In  every  case  where  a  current  does  work 
that  work  is  done  by  the  expenditure  of  part  of  the  energy 
of  the  current.  We  have  seen  that,  by  the  law  of  Ohm, 
the  current  produced  by  a  given  battery  is  diminished  in 
strength  by  anything  that  increases  the  external  resistance. 
But  the  strength  of  the  current  may  be  diminished,  in 
certain  cases,  by  another  cause,  namely,  the  setting  up 
of  an  opposing  electromotive  force  at  some  point  of  the 
circuit.  Thus,  in  passing  a  current  through  a  voltameter 
(Art.  214)  there  is  a  diminution  due  to  the  resistance  of 
the  voltameter  itself,  and  a  further  diminution  due  to  the 
opposing  electromotive -force  (commonly  referred  to  as 
"polarisation")  which  is  generated  while  the  chemical 
work  is  being  done.  So,  again,  when  a  current  is  used  to 
drive  an  electromagnetic  motor  (Art.  375),  the  rotation 
of  the  motor  will  itself  generate  a  back -current,  which 
will  diminish  the  strength  of  the  current.  Whatever 
current  is,  however,  not  expended  in  this  way  in  external 
work,  \s  frittered  down  into  heat,  either  in  the  battery  or 
in  some  part  of  the  circuit,  or  in  both.  Suppose  a 
quantity  of  electricity  to  be  set  flowing  round  a  closed 
circuit.     If  there  were  no  resistance  to  stop  it  it  would 
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circulate  for  ever ;  just  33  a  waggon  set  rolling  along  a 
circular  railway  should  go  round  for  ever  if  it  were  not 
stopped  by  friction.  When  matter  in  motion  is  stopped 
by  friction  the  energy  of  its  motion  is  frittered  down  by 
the  friction  into  heat.  When  electricity  iu  motion  is 
stopped  by  resistance  the  energy  of  its  flow  is  frittered 
down  by  the  resistance  into  heat.  Heat,  in  fact,  appears 
wherever  the  circuit  offers  a  resistance  to  the  current. 
If  the  terminals  of  a  battery  be  joined  by  a  short  thick 
wire  of  small  resistance,  most  of  the  heat  will  be  de- 
veloped in  the  battery  ;  whereas,  if  a  thin  wire  of  con- 
siderable resistance  be  interposed  in  the  outer  circuit,  it 
will  grow  hot,  while  the  battery  itself  will  remain  com- 
paratively cool. 

367.  Laws  of  Development  of  Heat:  Joule's 
Law. — To  investigate  the 
development  of  heat  by  a 
current,  Joule  and  Lenz  used 
instruments  on  the  prin- 
ciple of  Fig.  136,  in  which 
a  thin  wire  joined  to  two 
stout  conductors  is  enclosed 
within  a  glass  vessel  con- 
taining alcohol,  into  which 
also  a  thermometer  dips. '. 
The  resistance  of  the  wire 
being  known,  its  relation  to 
the    other    resistances   can  p. 

be  calculated.     Joule  found 

that  the  number  of  unils  g/'  heat  developed  ia  a  con- 
ductor is  proportional — 

(ii.)  to  the  square  of  the  strength  of  the  current ; 

and 
(iii.)  to  the  time  that  the  current  lasts. 
The  equation  expressing  these  relations  is  known  as 
Joule's  Law,  and  is — 
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H  =  CRt  X  0-24 
where  C  is  the  current  in  amperes,  R  the  resistance  in 
ohms,  /  the  time  in  seconds,  and  H  the  heat  in  the  usual 
unit  of  heat-quantities,  viz.  the  amount  of  heat  that  will 
raise  i  gramme  of  water  through  i*^C  of  temperature 
(Art.  255). 

Joule's  law  may  be  arrived  at  by  the  following  calculation. 
The  work  W  done  by  a  current  in  moving  Q  units  of  electricity 
through  a  difference  of  potential  Vj  —  Vj  is — 

W  =  Q(V,-.Vi);     . 
and  since  Q=  Ct,  and  Vj  -  V^  =  E,  and  W  =  JH,  (where  J  is 
Joule's  equivalent  =  4*2  x  lo'',  and  H  the  heat  in  water-gramme- 
centigrade  degree  units),  we  have — 

JH  =  CtE  (and  E  =  CR). 

■  =  C2Rt 

,  TT       C2Rt 

whence      H  =  ^j^-. 

But  as  C  and  R  are  here  in  "  absolute "  units,  they  must  be 
multiplied  byio-^  x  10^  =  lo^,  to  reduce  to  the  ordinary  case 
of  amperes  and  ohms ;  whence — 

H  =  C^Rt  -f-  4-2 
=  C^Rt  X  0-24. 

This  is  equivalent  to  the  statement  that  a  current  of 
one  ampere  flowing  through  a  resistance  of  one  ohm 
developes  therein  0*24  heat-units  per  second. 

Dr.  Siemens  proposes  to  call  this  quantity  of  heat  (or  its 
mechanical  equivalent  in  work)  by  the  name  of  one  jouU,  If 
this  suggestion  be  adopted,  the  electric  unit  of  heat,  the  jouUy 
will  be  only  0*24  of  an  ordinary  heat-unit  or  calorie  (Art.  255), 
and  I  calorie  will  be  equal  to  ^'2  joules. 

The  second  of  the  above  laws,  that  the  heat  is,  caieris  paribus^  propor- 
tional to  the  square  of  the  strength  of  the  current,  often  puzzles  young 
students,  who  expect  the  heat  to  be  proportional  to  the  current  simply. 
Such  may  remember  that  the  consumption  of  zinc  is,  caterts  paribus^  also 
prop<Mtional  to  the  square  of  the  current;  for,  suppose  that  in  working 
through  a  high  resistance  (so  as  to  get  all  the  heat  developed  outside  the 
battery)  we  double  the  current  by  doubling  the  number  of  battery  cells,' there 
will  be  twice  as  much  zinc  consumed  as  before  in  each  cell,  and  as  there  are 
twice  as  many  cells  as  at  first  the  consumption  of  zinc  is  four  times  as  great 
as  before. 

368.  Pavre's  Experiments. — Favre  made  a  series  of  most 
important  experiments  on  the  relation  of  the  energy  of  a  current 
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to  the  heat  it  developes.  He  ascertained  that  the  number  of 
heat-units  evolved  when  33  grammes  (i  equivalent)  of  zinc  are 
dissolved  in  dilute  sulphuric  acid  (from  which  it  causes  hydrogen 
to  be  given  off)  to  be  18,682.  This  figure  was  arrived  at  by 
conducting  the  operation  in  a  vessel  placed  in  a  cavity  of  his 
calorimeter,  an  instrument  resembling  a  gigantic  thermometer 
filled  with  mercury,  the  expansion  of  which  was  proportional  to 
the  heat  imparted  to  it  When  a  Smee*s  cell  was  introduced 
into  the  same  instrument,  th6  solution  of  the  same  amount  of 
zinc  was  observed  to  be  accompanied  by  the  evolution  of  18,674 
units  of  heat  {i.e,  an  amount  almost  identical  with  that  observed 
before),  and  this  amount  was  the  same  whether  the  evolution 
took  place  in  the  battery-cell  when  the  circuit  was  closed  with  a 
short  thick  wire,  or  whether  it  took  place  in  a  long  thin  wire 
placed  in  the  external  circuit.  He  then  arranged  5  Smee's  cells 
in  series,  in  cavities  of  the  calorimeter,  and  sent  their  current 
round  a  small  electromagnetic  engine.  The  amount  of  heat 
evolved  during  the  solution  of  33  grammes  of  zinc  was  then 
observed  in  three  cases  ;  (i.)  when  the  engine  was  at  rest ;  (ii.) 
when  the  engine  was  running  round  and  doing  no  work  beyond 
overcoming  the  friction  of  its  pivots  ;  (iii.)  when  the  engine  was 
employed  in  doing  13,124,000  gramme-centimetres  (=  12,874 
X  10®  ergs)  of  work,  by  raising  a  weight  by  a  cord  running  over 
a  pulley.  The  amounts  of  heat  evolved  in  the  circuit  in  the 
three  cases  were  respectively,  18,667,  18,657,  and  18,374  units. 
In  the  last  case  the  work  done  accounts  for  the  diminution  in 
the  heat  frittered  down  in  the  circuit.  If  we  add  the  heat- 
equivalent  of  the  work  done  to  the  heat  evolved  in  the  latter 
case,  we  ought  to  get  the  same  value  as  before.  Dividing  the 
12,874  ><  10®  ergs  of  work  by  Joule's  equivalent,  expressed  in 
"absolute"  measure  (42  x  10®),  we  get  as  the  heat-equivalent  of 
the  work  done  306  heat  units.  Now  18,374  +  306  =  18,680, 
a  quantity  which  is  almost  identical  with  that  of  the  first 
observation,  and  quite  within  the  limits  of  unavoidable  experi- 
mental error, 

360.  Rise  of  Temperature. — The  elevation  of 
temperature  in  a  resisting  wire  depends  on  the  nature  of 
the  resistance.  A  very  short  length  of  a  very  thin  wire  may 
resist  just  as  much  as  a  long  length  of  stout  wire.  Each 
will  cause  the  same  number  of  units  of  heat  to  be  evolved, 
but  in  the  former  case,  as  the  heat  is  spent  in  warming  a 
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short  thin  wire  of  small  mass,  it  will  get  very  hot,  whereas 
in  the  latter  case  it  will  perhaps  only  warm  to  an  imper- 
ceptible degree  the  mass  of  the  long  thick  wire.  If  the 
wire  weigh  w  grammes^  and  have  a  specific,  capacity  for 
heat  J,  then  H  =  swd^  where  d  is  the  rise  of  tempera- 
ture in  degrees  (Centigrade).     Hence 

a  C2R/ 

V  =  0-24   X   • 

sw 

Since  the  resistance  of  metals  increases  as  they  rise  in 
temperature,  a  thin  wire  heated  by  the  current  will  resist 
more,  and  grow  hotter  and  hotter  until  its  rate  of  loss  of 
heat  by  conduction  and  radiation  into  the  surrounding 
air  equals  the  rate  at  which  heat  is  supplied  by  the 
current. 

The  following  pretty  experiment  illustrates  the  laws  of 
heating.  The  current  from  a  few  cells  is  sent  through  a 
chain  made  of  alternate  links  of  silver  and  platinum 
wires.  The  platinum  links  glow  red-hot  while  the  silver 
links  remain  comparatively  cool.  The  explanation  is 
that  the  specific  resistance  of  platinum  is  about  six  times 
that  of  silver,  and  its  capacity  for  heat  about  half  as 
great ;  hence  the  rise  of  temperature  in  wires  of  equal 
thickness  traversed  by  the  same  current  is  roughly  twelve 
times  as  great  for  platinum  as  for  silver. 

Thin  wires  heat  much  more  rapidly  than  thick,  the 
rise  of  temperature  in  different  parts  of  the  same  wire 
(carrying  the  same  current),  beings  for  different  thick- 
nesses, inversely  proportional  to  the  fourth  power  of  the 
diameters. 

Thus,  suppose  a  wire  at  any  point  to  become  reduced  to  half 
its  diameter,  the  cross-section  will  have  an  area  \  as  great  as  in 
the  thicker  part.  The  resistance  here  will  be  4  times  as  great, 
and  the  number  of  heat  imits  developed  will  be  4  times  as  great 
as  in  an  equal  length  of  the  thicker  wire.  But  4  times  the 
amount  of  heat  spent  on  ^  the  amount  of  metal  will  warm  it  to 
a  degree  16  times  as  great,  and  16  =  2*. 

For  surgical  purposes  a  thin  platinum  wire,  heated 
white-hot  by  a  current,  is  sometimes  used  instead  of  a 
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knife,  as,  for  example,  in  the  operation  of  amputating  the 
tongue  for  cancer.  Platinum  is  chosen  on  account  of  its 
infusibility,  but  even  platinum  wires  are  fused  by  the 
current  if  too  strong.  Carbon  alone,  of  conductors,  resists 
fusion. 

370.  Blasting:  by  Electricity. — In  consequence  of 
these  heating  effects,  electricity  can  be  applied  to  fire 
blasts  and  mines,  stout  conducting  wires  being  carried 
from  an  appropriate  battery  at  a  distance  to  a  special 
fuzCy  in  which  a  very  thin  platinum  wire  is  joined  in  the 
circuit.  This  wire  gets  hot  when  the  current  flows,  and 
being  laid  amidst  an  easily  combustible  substance  to 
serve  as  a  priming,  ignites  this  and  sets  fire  to  the  charge 
of  gunpowder.  Torpedoes  can  thus  be  exploded  beneath 
the  water,  and  at  any  desired  distance  from  the  battery. 

The  special  case  of  heat  developed  or  abstracted  by  a 
current  passing  through  a  junction  of  dissimilar  metals, 
known  as  Peltier's  effect,  is  mentioned  in  Art.  380. 


Lesson  XXXII. — The  Electric  UgJii. 

371.  The  Voltaic  Arc. — If  two  pointed  pieces  of 
carbon  are  joined  by  wires  to  the  terminals  of  a  power- 
ful voltaic  battery  or  other  generator  of  electric  currents, 
and  are  brought  into  contact  for  a  moment  and  then 
drawn  apart  to  a  short  distance,  a  kind  of  electric  flame 
called  the  voltaic  arc  is  produced  between  the  points 
of  carbon,  and  a  brilliant  light  is  emitted  by  the  white 
hot  points  of  the  carbon  electrodes.  This  phenomenon 
was  first  noticed  by  Humphry  Davy  in  1800,  and  its  ex- 
planation appears  to  be  the  following  : — Before  contact 
the  difference  of  potential  between  the  points  is  insufficient 
to  permit  a  spark  to  leap  across  even  ^^^  of  an  inch  of 
air-space,  but  when  the  carbons  are  made  to  touch,  a 
current  is  established.  On  separating  the  carbons  the 
momentary  extra -current  due  to  self-induction  of  the 
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circuit  (Art,  404),  which  possesses  a  liigh  electromotive- 
force,  can  leap  the  short  distance,  and  in  doing  so 
volatilises  a  small  quantity  of  carbon  between  the  points. 
Carbon  vapour  being  a  partial  conductor  allows  the 
to  flow  across  the  gap,  provided  it  be 
s  the  carbon  vapour  has  a  very  high 


Fij.  137. 

resistance  it  becomes  intensely  heated  by  the  passage 
of  the  current,  and  the  carbon  points  also  grow  hot. 
Since,  however,  solid  matter  is  a  better  radiator  than 
gaseous  matter,  ihe  carbon  points  emit  far  more  light 


CHAP.  VII.]    ELECTRICITY  AND  MAGNETISM.  335 

than  the  arc  itself,  though  they  are  not  so  hot.  In  the 
arc  the  most  infusible  substances,  such  as  flint  and 
diamond,  melt ;  and  metals  such  as  gold  and  platinum 
are  even  vapourised  readily  in  its  intense  heat.  When 
the  arc  is  produced  in  the  air  the  carbons  slowly  bum 
away  by  oxidisation.  It  is  observed,  also,  that  particles 
of  carbon  are  torn  away  from  the  +  electrode,  which  be- 
comes hollowed  out  to  a  cup-shape,  and  some  of  these 
are  deposited  on  the  —  electrode,  which  assumes  a 
pointed  form,  as  shown  in  Fig.  137.  The  resistance  of 
the  arc  may  vary,  according  to  circumstances,  from  0*5 
ohm  to  nearly  100  ohms.  It  is  also  found  that  the  arc 
exerts  an  opposing  electromotive-force  of  its  own,  and 
tends  to  set  up  a  counter-current. 

To  produce  an  electric  light  satisfactorily  a  minimum 
electromotive-force  of  40-50  volts  is  necessary ;  and  as 
the  current  must  be  at  least  from  5  to  10  or  more 
ampiresy  it  is  clear  that  the  internal  resistance  of  the 
battery  or  generator  must  be  kept  small.  With  weaker 
currents  or  smaller  electromotive-forces  it  is  impracticable 
to  maintain  a  steady  arc.  The  internal  resistance  of 
the  ordinary  Daniell's  or  Leclanch^'s  cells  (as  used  in 
telegraphy)  is  too  great  to  render  them  serviceable  for 
producing  electric  lights.  A  battery  of  40-60  Grove's 
cells  (Art.  171)  is  efficient,  but  will  not  last  more  than 
2  or  3  hours.  A  dynamo-electric  machine  (such  as 
described  in  Art.  407  to  411),  worked  by  a  steam-engine, 
is  the  best  generator  of  currents  for  practical  electric 
lighting.  'The  quantity  of  light  emitted  by  an  electric 
lamp  is  disproportionate  to  the  strength  of  the  current ; 
and  is,  within  certain  limits,  proportional  to  the  square 
of  the  heat  developed,  or  to  the  fourth  power  of  the 
strength  of  the  current. 

372.  Eleotrio  Arc  Lampa — Davy  employed  wood 
charcoal  for  electrodes  to  obtain  the  arc  light.  Pencils 
of  hard  gas-carbon  were  later  introduced  by  Foucault. 
In  all  the  more  recent  arc  lamps,  pencils  of  a  more 
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dense  and  homogeneous  artificial  coke-carbon  are  used. 

These  consume  away  more  regularly,  and  less  rapidly, 

but  still  some   contrivance   is   necessary  to   push   the 

""'"'"  of  the  carbons  forward  as  fast  as 

It  is  requisite  that  the  mechan- 

luld  start  the  arc  by  causing  the 

to  touch  and  then  separate  them 

requisite  distance  for  the  produc- 

a  steady  arc ;   the  mechanism 

also  cause  the  carbons  not  only 

ed  into  the  arc  as  fast  as  they 

le,  hut  also  to  approach  or  recede 

tically  in  case  the  arc  becomes 

g  or  too  short ;  it  should  further 

le  carbons  tc^ether  for  an  instant 

the  arc  again  if  by  any  chance 

goes  out.     Electric  Arc  Lamps 

or  Regulators,  fulfilling   these 

conditions,  have  been  invented 

by  a  number  of  persons.    These 

may  be  classified  as  follows ; — 

{a)  Clockwork  Lamps. — Fig. 

1 38  shows  the  regulator  of  Fou- 

cault  as  constructed  by  Duboscq; 

in  this  lamp  the  carbon-holders 

are    propelled    by    a    train     of 

clockwork   wheels  actuated  by 

a    Spring.       An    electromagnet 

,   at  the  base,  through  which  the 

ture  and  governs  the  dock- 
Kit  13a.  work.  If  the  current  is  too 
strong  the  armature  is  drawn  down,  and  the  clockwork 
draws  the  carbons  further  apart.  If  the  current  is 
weakened  by  the  resistance  of  the  arc,  the  armature  is 
drawn  upwards  by  a  spring,  and  a  second  train  of  wheels 
comes  into  play  and  moves  the  carbons  nearer  together. 
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Clockwork  arc  lamps  have  also  been  devised  by  Serrin 
and  by  Crompton,  in  which  the  weight  of  the  carbon- 
holders  drive  the  clockwork  mechanism. 

{b)  Break-wheel  Lamps, — ^Jaspar  and  Crompton  have 
devised  mechanism  for  regulating  the  rate  of  feeding 
the  carbon  into  the  arc  by  adding  to  the  train  of 
wheels  a  break-wheel ;  the  break  which  stops  the  wheel 
being  actuated  by  a  small  electromagnet  which  allows 
the  wheel  to  run  iForward  a  little  when  the  resistance  of 
the  arc  increases  beyond  its  normal  amount. 

{c)  Solenoid  Lamps. — In  this  class  of  arc  lamp  one 
of  the  carbons  is  attached  to  an  iron  plunger  capable  of 
sliding  vertically  up  or  down  inside  a  hollow  coil  or 
solenoid,  which,  being  traversed  by  the  current,  regulated 
the  position  of  the  carbons  and  the  length  of  the  arc. 
Siemens  employed  two  solenoids  acting  ;  against  one 
another  differentially,  one  being  a  main-circuit  coil,  the 
other  being  a  shunt-circuit.  If  the  resistance  of  the  arc 
became  too  great,  more  of  the  current  flowed  past  the 
lamp  through  the  shunt-circuit,  and  caused  the  carbon- 
holders  to  bring  the  carbons  nearer  together.  Shunt- 
circuits  to  regulate  the  arc  have  also  been  used  by 
Lontin,  Brush,  Lever,  and  others. 

{d)  Clutch  Lamps, — A  somewhat  simpler  device  is 
that  of  employing  a  clutch  to  pick  up  the  upper  carbon 
holder,  the  lower  carbon  remaining  fixed.  In  this  kind 
of  lamp  the  clutch  is  worked  by  an  electromagnet, 
through  which  the  current  passes.  If  the  lamp  goes 
out  the  magnet  releases  the  clutch,  and  the  upper  carbon 
falls  by  its  own  weight  and  touches  the  lower  carbon. 
Instantly  the  current  starts  round  the  electromagnet, 
causes  it  to  act  on  the  clutch  which  grips  the  carbon- 
holder  and  raises  it  to  the  requisite  distance.  Should 
the  arc  grow  too  long  the  lessening  attraction  on  the 
clutch  permits  the  carbon -holder  to  advance  a  little. 
Hart,  Brush,  Weston,  and  Lever  employ  clutch  lamps. 

878.  Eleotrio  Candles. — To  obviate  the  expense 

z 
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and  complication  of  such  regulators,  electric  candles  have 

been  suggested  by  Jablochkoff, 
Wilde,  and  others.  Fig.  139 
depicts  Jablochkoff's  candle^ 
consisting  of  two  parallel  pen- 
cils of  hard  carbon  separated 
by  a  thin  layer  of  plaster  of 
Paris  and  supported  in  an  up- 
right holder.  The  arc  plays 
across  the  summit  between  the 
two  carbon  wicks.  In  order 
that  both  carbons  may  consume 
at  equal  rates,  rapidly  alternat- 
ing currents  must  be  employed, 
which  is  disadvantageous  from 
an  economical  point  of  view. 

874.  Inoandesoent  Elec- 
tric Lamps. — ^Voltaic  arcs  of 
an  illuminating  power  of  less 
than  100  candles  cannot  be 
maintained  steady  in  practice, 
and  are  uneconomical  For 
small  lights  it  is  both  simpler  and  cheaper  to  employ  a 
thin  continuous  wire  or  filament  of  some  infusible  con- 
ductor, heated  to  whiteness  by  passing  a  current  through 
it.  Thin  wires  of  platinum  have  repeatedly  been  sug- 
gested for  this  purpose,  but  they  cannot  be  kept  from 
risk  of  fusing.  Iridium  wires  and  thin  strips  of  carbon 
have  also  been  suggested  by  many  inventors.  Edison  in 
1878  devised  a  lamp  consisting  of  a  platinum  spiral  com- 
bined with  a  short-circuiting  switch  to  divert  the  current 
from  the  lamp  in  case  it  became  overheated.  More  recently 
thin  filaments  of  carbon  have  been  employed  by  Swan, 
Edison,  Lane-Fox,  Maxim,  Crookes,  and  others  for  the 
construction  of  little  incandescent  lamps.  In  these  lamps 
the  carbon  filament  is  mounted  upon  conducting  wires, 
usually  of  platinum,  which  pass  into  a  glass  bulb,  into 


Fig.  139. 
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which  they  are  sealed,  the  bulbs  being  afterwards  ex- 
hausted of  air  and  other  gases,  the  vacuum  being  made 
very  perfect  by  the  employment  of  special  mercurial 
air-pumps.  Carbon  is  better  for  this  purpose  than 
platinum  or  safy  other  metal,  partly  because  of'  its 
superior  infusibility  and  higher  resistance,  and  partly 
because  of  the  remarkable  property  of  carbon  of  offering 
a  lower  resistance  when  hot  than  when  cold.  This 
property,  which  is  the  reverse  of  that  observed  in  metals, 
renders  it  less 
liable  to  become 
overheated. 
The  forms  of 
several  incan- 
descent lamps 
are  shown  in 
Fig.  1 40.  Swan 
( I )  prepares  his 
filament  from 
cotton  thread 
parchmentised 
in  sulphuric 
acid  and  after- 
wards carbon- 
ised ;  such  a 
filament  be- 
coming remark- 
ably elastic  and 
metal-like  in  the  process.  Edison  (2)  now  uses  a  thin 
fiat  strip  of  carbonised  bamboo  instead  of  a  filament. 
Maxim  (3)  uses  a  preparation  of  paper.  Lane-Fox  (4) 
and  Akester  (6)  use  prepared  and  carbonised  vegetable 
fibres.  Crookes  (5)  employs  a  filament  made  from  animal 
or  vegetable  matter  parchmentised  by  treatment  with 
cuprammonic  chloride.  The  resistance  of  such  lamps 
varies  according  to  size  and  length  of  the  filament  from 
3  to   200  ohms.     The  cun*ent  necessary  to  heat  the 


Fig.  140. 
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filaments  white-hot  is  usually  from  i  to  i  '3  umpire.  To 
produce  this  current  the  electromotive  force  that  must 
be  applied  is  dependent  on  the  resistance  of  the  lamp. 
Suppose  a  lamp  the  resistance  of  which  is  60  ohms  when 
cold  and  40  ohms  when  hot :  the  requisite  current  will 
be  obtained  by  applying  an  electromotive  force  of  about 
50  voltSy  because  50  -i-  40  =  1*25  umpire.  The  best 
economy  is  obtained  with  very  thin  cylindrical  filaments 
of  high  resistance.  Flat  strips  of  carbon  which  expose 
a  disproportionate  amount  of  surface,  and  thick  filaments 
in  which  the  mass  of  carbon  is  considerable,  are  open 
to  objection.  Well-made  lamps,  if  not  overheated,  will 
last  1000  to  1200  hours  before  the  filament  disintegrates. 
It  is  usual  to  group  these  lamps  in  parallel  arc  between 
the  leading  main  conductor  and  the  return  main,  so  that 
each  lamp  is  independent  of  the  others  if  the  electro- 
motive force  of  the  supply  is  constant.  The  light 
emitted  varies  according  to  the  size  of  lamp  from  2  to 
50  candles.  There  appears  to  be  some  difficulty  in 
obtaining  durable  filaments  that  will  bear  being  made 
incandescent  to  a  higher  candle  power. 

Lesson  XXXI IL — Electromotors  {Electromagnetic 

Engines), 

376.  Electromotors. — Electromagnetic  engines,  or 
electromotors,  are  machines  in  which  the  motive  power 
is  derived  from  electric  currents  by  means  of  electro- 
magnets. In  1 82 1  Faraday  showed  a  simple  case  of 
rotation  produced  between  a  magnet  and  a  current  of 
electricity.  In  183 1  Henry,  and  in  1833  Ritchie,  con- 
structed electromagnetic  engines  producing  rotation  by 
electromagnetic  means.  Fig.  141  shows  a  modification 
of  Ritchie's  electromotor.  An  electromagnet  DC,  is 
poised  upon  a  vertical  axis  between  the  poles  of  a  fixed 
magnet  (or  electromagnet)  SN.  A  current,  generated 
by  a  suitable  battery,  is  carried  by  wires  which  terminate 
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in  two  mercury-cups,  A,  B,  into  triiich  dip  the  ends  of 
the  coil  of  the  movable  electromagnet  CD,      When  a 
current    traverses    the    coil    of 
CD  it  turns  so  as  to  set  itself 
in  the  line  between  the  poles 
NS,   but    as    it   swings   round, 
the  wires  that  dip  into  the  mer- 
cury-cups  pass   from    one   cup 
to  the  opposite,  so  that,  at  the 
moment  when  C  approaches  S, 
the  current  in  CD  is  reversed, 
and   C  is   repelled  from  S  and 
attracted  round  to  N,  the  cur- 
rent  through   CD   being  thus 
reversed  every  half  turn.      In  -i 
lai^r  electromotors,  the  mer- ' 
cury-cup  arrangement  is  replaced  ^ 
by  a  commutator,  consisting  of  ". 
a  brass  ring,  slit  into  two  or 
more    parts,   and   touched    at  ^'s-  '*'■ 

opposite  points  by  a  pair  of  metallic  springs  or  "  contact 
brushes." 

In  another  form  of  electromotor,  devised  by  Froment, 
bars  of  iron  fixed  upon  the  circumference  of  a  rotating 
cylinder  are  attracted  up  towards  an  electromagnet,  in 
which  the  current  is  automatically  broken  at  the  instant 
when  each  bar  has  come  close  up  to  its  poles.  In  a  third 
kind,  an  electromagnet  is  made  to  attract  a  piece  of  soft 
iron  alternately  op  and  down,  with  a  motion  like  the 
piston  of  a  steam-engine,  which  is  converted  by  a  crank 
into  a  rotatory  motion.  In  these  cases  the  difficulty 
occurs  that,  as  the  attraction  of  an  electromagnet  falls  off 
nearly  in  inverse  proportion  to  the  square  of  the  distance 
from  its  poles,  the  attracting  force  can  only  produce 
effective  motion  through  very  small  distances. 

The  dynamo-electric  machines  of  Gramme,  Siemens, 
and  others,  described  in  Arts.  407  to  41  r,  will  also  work 
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as  electromotors,  and,  indeed,  are  the  most  efficient  of 
electromagnetic  engines. 

In  1839  Jacobi  propelled  a  boat  along  the  river  Neva 
at  the  rate  of  2  J  miles  per  hour  with  an  electromagnetic 
engine  of  about  one  horse-power,  worked  by  a  battery  of 
64  large  Grove's  cells. 

In  1882  an  iron  screw-boat  capable  of  carrying  12 
persons,  and  driven  by  two  Siemens'  dynamos,  with  a 
power  of  about  3  horse-power,  the  electricity  being  fur- 
nished by  45  accumulators  of  the  Sellon-Volckmar  type, 
has  been  worked  upon  the  Thames  at  a  speed  of  8  miles 
per  hour. 

Electric  railways  on  which  trains  are  propelled  by 
power  furnished  by  dynamo-electric  generators  stationed 
at  some  fixed  point,  and  communicating 'with  the  electro- 
magnetic machinery  of  the  train  either  by  the  rails  or  by 
a  special  conductor,  have  been  constructed  by  Siemens 
in  Berlin,  and  by  Edison  in  Menlo  Park. 

376.  Electric  Trajismission  of  Power  to  a 
distajice. — The  increasing  use  of  dynamo- electric 
machines  for  electric  lighting  has  revived  the  problem  of 
transmitting  power  to  a  distance  by  electrical  means, 
and  so  utilising  waste  water-power.  A  mountain  stream 
may  be  made  to  turn  a  water-wheel  or  turbine,  and 
drive  a  dynamo -electric  machine,  thereby  generating 
currents  which  can  be  conveyed  by  wires  to  an  electro- 
motor at  a  distant  point,  and  there  reconverted  into 
mechanical  power.  Whether  such  transmission  is  profit- 
able or  not  depends  on  the  efficiency  of  the  machines 
employed. 

377.  Theory  of  Bflaciency  of  Electromotors. — 
If  a  galvanometer  be  included  in  a  circuit  with  a  battery 
and  an  electromotor,  it  is  found  that  the  current  is  weaker 
when  the  electromotor  is  working  than  when  the  electro- 
motor is  standing  still,  and  that  the  faster  the  electromotor 
runs  the  weaker  does  the  battery  current  become.  This 
is  due  to  electromagnetic  induction  (Art.  391)  between  the 
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moving  and  fixed  parts  of  the  electromotor,  which,  as  it 
spins  round,  generates  a  back-current.  The  electromotive- 
force  due  to  this  inductive  action  increases  with  the  speed 
of  the  electromotor,  so  that  the  back-current  is  strongest 
when  it  runs  fastest.  If  the  motor  be  loaded  so  as  to 
do  work  by  moving  slowly  against  considerable  forces,  the 
back-current  will  be  small,  and  only  a  small  proportion 
of  the  energy  of  the  current  will  be  turned  into  useful 
work.  If  it  be  set  to  run  very  quickly,  so  as  to  generate 
a  considerable  back-current,  it  will  utilise  a  larger  pro- 
portion of  the  energy  of  the  direct  current,  but  can  only 
run  fast  enough  to  do  this  if  its  load  be  very  light. 
Jacobi  calculated  that  the  practical  efficiehcy  lay  between 
these  two  extremes,  and  that  an  electromotor  would  turn 
the  energy  of  a  battery  into  work  in  the  most  effective 
way  when  it  was  allowed  to  do  its  work  at  such  a  speed 
that  the  battery  current  was  thereby  reduced  to  hcUf  its 
strength.  This  is  indeed  true  if  it  be  desired  to  do  the 
work  at  the  quickest  possible  rate.  But  where  economy 
in  working  is  desired,  and  when  it  is  not  needful  to  get 
through  the  work  as  rapidly  as  possible,  or  to  consume 
materials  in  the  battery  at  a  great  rate,  then  a  higher 
economic  efficiency  will  be  attained  by  making  the  electro- 
motor do  lighter  work  and  spin  at  a  greater  speed  ;  for 
if  the  electromotive-force  of  the  battery  be  E  volts^  and 
the  counter  electromotive-force  of  the  motor  while  running 
be  e  volts,  then  the  efficiency  of  the  motor  (that  is  to 
say,  the  ratio  which  the  work  it  takes  up  from  the  cur- 
rent bears  to  the  whole  energy  of  the  current)  will  be 

equal  to  -g      Now  if  the  motor  be  allowed  to  run  more 

quickly  e  will  increase  proportionately,  and  if  it  runs 
very  quickly  e  may  become  very  nearly  equal  to  E  ;  that 
is  to  say,  the  motor  will  utilise  very  nearly  all  the  energy 
of  the  current.     But  since,  by  Ohni's  law,  the  current  is 

=  -g— ,  it  follows  that  if  e  is  very  nearly  as  great  as  E, 

the  current  will  be  reduced  to  a  small  fraction  of  its 
original  strength.     The  materials  of  the  battery  will  be 
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more  slowly  used,  and  it  will  take  a  longer  time  to  do 
the  total  amount  of  the  work,  but  the  percentage  of 
energy  of  the  current  turned  into  work  will  be  higher. 
A  Siemens*  dynamo-electric  machine  (Art.  409)  used  as 
a  motor  can  attain  an  efficiency  of  over  8  5  per  cent. 

378.  Oost  of.  Working. — The  cost  of  working 
electromotors  by  batteries  is  great.  A  pound  of  zinc 
contains  only  about  \  as  much  potential  energy  as  a 
pound  of  coal,  and  it  costs  more  than  twenty  times  as 
much  :  the  relative  cost  for  equal  amounts  of  energy  is 
therefore  about  120  :  i.  But,  as  shown  above,  an  elec- 
tromagnetic engine  will  turn  85  per  cent  of  the  electric 
energy  into  work,  while  even  good  steam-engines  only 
turn  about  10  to  20  per  cent  of  the  energy  of  their  fuel 
into  work,  small  steam-engines  being  even  less  efficient. 
But,  reckoning  electromagnetic  engines  as  being  5  times 
as  '* efficient"  as  steam-engines  of  equal  power,  the 
necessary  zinc  is  still  24  times  as  dear  as  the  equivalent 
amount  of  coal.  This  calculation  does  not  take  into 
account  the  cost  of  acids  of  the  batteries.  In  fact, 
where  strong  currents  are  wanted,  batteries  are  aban- 
doned in  favour  of  dynamo-electric  machines,  worked  by 
steam  or  water  power,  or  by  gas-engines. 

In  the  case  of  transmission  of  power,  as  in  the  preced- 
ing paragraph,  the  expense  may  be  far  smaller  if  the 
original  water-power  costs  little.  The  dynamo-machine 
may  turn  90  per  cent  of  the  mechanical  power  into  the 
energy  of  electric  currents,  and  the  electromotor  may 
convert  back  85  per  cent  of  the  current  energy  (or  ^6 
per  cent  of  the  original  power)  into  work. 

378.  ijns)  Calculation  of  Bleotrlo  Power. — The 
mechanical  work  of  a  current  may  be  calculated  as 
follows :  A  current  whose  strength  is  C  conveys  through 
the  circuit  in  /  seconds  a  quantity  of  electricity  =  C/. 
But  the  number  of  ergs  of  work  W,  done  by  a  current 
is  equal  to  the  product  of  the  quantity  of  electricity  into 
the  difference  of  potentials  E  through  which  it  is  trans. 
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ferred  (Art.  367),  provided  these  latter  are  expressed  in 
"  absolute  "  C.G.S.  units ;  or 

C/E=W 

Now  if  W  ergs  of  work  are  done  in  /  seconds,  the  rate  of 
working  is  got  by  dividing  W  by  tj  whence 

If  C  and  E  are  expressed  in  umpires  and  volts  respec- 
tively, and  it  is  desired  to  give  the  rate  of  working  in 
horse -power,  it  must  be  remembered  that  i  ampere  = 
10*^  C.G.S.  units  of  current;  that  i  volt  =  10*  C.G.S. 
units  of  E.M.F. ;  and  that  i  horse-power  (as  defined  by 
Watt)  =550  foot-pounds  per  second  =  76  kilogramme- 
metres  per  second  =  76  x  10'  gramme-centimetres  per 
second  =  746  x  10'  ergs  per  second,  whence 

^^^??^^^^|^^^  =  rate  of  doing  work  in  H.-P. 

For  example,  to  find  the  rate  at  which  actual  work  is 
consumed  in  an  electric  lamp  :  measure  the  whole  current 
in  amperes;  measure  the  difference  of  potential  between 
the  terminals  of  the  lamp  in  volts;  multiply  them  to- 
gether and  divide  by  746  ;  the  result  will  be  the  number 
of  horse-power  used  up  in  the  lamp  :  or  the  rule  may  be 
written  thus  : — 

H-P  =  CE  X  0*00134. 

A  convenient  "  electric  power-meter  "  may  be  made  of 
an  electrodynamometer  (Art.  336)  having  the  fixed  coil 
of  thick  wire  to  receive  the  whole  current,  and  having 
the  movable  coil  of  many  turns  of  thin  wire  arranged 
as  a  shunt  to  the  lamp  or  dynamo  whose  power  is  to  be 
measured. 

It  has  been  proposed  by  Preece  and  by  Siemens  to 
call  the  unit  of  electric  power  (/>.  one  ampere  working 
through  one  volt^  a  watt.  One  horse-power  will  equal 
746  watts. 
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CHAPTER  VIIL 

THERMO-ELECTRICITY. 

Lesson  XXXIV. — Thenno-Electric  Currents. 

379.  In  1822  Seebeck  discovered  that  a  current  may 
be  produced  in  a  closed  circuit  by  heating  a  point  of 
contact  of  two  dissimilar  metals.  Thus,  if  a  piece  of 
bismuth  and  a  piece  of  antimony  be  soldered  together, 
and  their  free  ends  be  connected  with  a  short -coil 
galvanometer,  it  is  found  that  if  the  junction  be  warmed 
to  a  temperature  higher  than  that  of  the  rest  of  the 
circuit,  a  current  flows  whose  direction  across  the  heated 
point  is  from  bismuth  to  antimony,  the  strength  of  the 
current  being  proportional  to  the  excess  of  temperature. 
If  the  junction  is  cooled  below  the  temperature  of  the 
rest  of  the  circuit  a  current  in  the  opposite  direction  is 
generated.  The  electromotive -force  thus  set  up  will 
maintain  a  constant  current  so  long  as  the  excess  of 
temperature  of  the  heated  point  is  kept  up,  heat  being 
all  the  while  absorbed  in  order  to  maintain  the  energy  of 
the  current.  Such  currents  are  called  Thermo-eleotrio 
currents,  and  the  electromotive -force  producing  them 
is  known  as  Thermo-electromotive-force, 

380.  Peltier  Bflfect.  —  In  1834  Peltier  discovered 
a  phenomenon  which  is  the  converse  of  that  discovered 
by  Seebeck.  He  found  that  if  a  current  of  electricity 
from  a  battery  be  passed  through  a  junction  of  dissimilar 
metals  the  junction  is  either  heated  or  cooled,  according 
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to  the  direction  of  the  current.  Thus  a  current  which 
passes  through  a  bismuth-antimony  pair  in  the  direction 
from  bismuth  to  andmony  absorbs  heat  in  passing  the 
junction  of  these  metals,  and  cools  it ;  whereas,  if  the 
current  flow  from  antimony  to  bismuth  across  the 
junction  it  evolves  heat,  and  the  junction  rises  in  tem- 
perature. 

This  phenomenon  of  heating  (or  cooling)  by  a  current, 
where  it  crosses  the  junction  of  two  dissimilar  metals 
(known  as  the  "  Peltier  effect,"  to  distinguish  it  from  the 
ordinary  heating  of  a  circuit  where  it  offers  a  resistance 
to  the  current,  which  is  sometimes  called  the  "Joule 
effect "),  is  utterly  different  from  the  evolution  of  heat  in 
a  conductor  of  high  resistance,  for  (a)  the  Peltier  effect 
is  reversiblCy  the  current  heating  or  cooling  the  junction 
according  to  its  direction,  whereas  a  current  meeting 
with  resistance  in  a  thin  wire  heats  it  in  whichever 
direction  it  moves  ;  and  {p)  the  amount  of  heat  evolved 
or  absorbed  in  the  Peltier  effect  is  proportional  simply 
to  the  strength  of  the  current,  not  to  the  square  of  that 
strength  as  the  heat  of  resistance  is. 

The  complete  law  of  the  heat  developed  in  a  circuit  will 
therefore  require  to  take  into  account  any  Peltier  effects  which 
may  exist  at  metal  junctions  in  the  circuit  If  the  letter  P 
stand  for  the  difference  of  potential  due  to  the  heating  of  the 
junction,  expressed  as  a  fraction  of  a  volt,  then  the  complete 
law  of  heat  is 

H  =  0-24  X  (C2R/  ±  PC/) 

which  the  student  should  compare  with  Joule's  law  in  Art.  367. 
The  quantity  called  P  is  also  known  as  the  coefficient  of  the 
Peltier  effect ;  it  has  different  values  for  different  pairs  of  metals, 
and  is  numerically  equal  to  the  number  of  ergs  of  work  which 
are  the  dynamical  equivalent  of  the  heat  evolved  at  a  junction 
of  the  particular  metals  by  the  passage  of  one  ampire  of  electricity 
through  the  junction. 

381.  Thermo-electric  Laws. — The  thermo-electric 
properties  of  a  circuit  are  best  studied  by  reference  to 
the   simple   circuit   of   Fig.    142,   which   represents   a 
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bismuth-antimony  pair  united  by  a  copper  wire.  Volta's 
law  (Art.  72)  concerning  the  difference  of  potentials 
due  to  contact  would  tell  us  that  when  all  are  at  one 

temperature  the  dif- 
ference of  poten- 
tials between  bis- 
muth and  copper 
in  one  direction 
is  equal  to  the  sum 
of  the  differences 
between  bismuth 
and  antimony,  and 
between  antimony 
*^*  '^**  and  copper  in  the 

other  direction,  and  that  hence  there  would  be  equilibrium 
between  the  opposing  and  equal  electromotive -forces. 
But  when  a  junction  is  heated  this  equilibrium  no  longer 
exists  and  Volta's  law  ceases  to  be  true.  The  new 
electromotive-force  set  up  at  the  heated  junction  is  found 
to  obey  the  following  laws  : — 

(i.)   The  thermO"  electromotive 'force  ts,  for  the  same 
pair   of  metals,  proportional  (even   through   con- 
siderable  ranges  of  temperature)  to  the  excess  of 
temperature  of  the  junction   over  the  rest  of  the 
circuit, 
(ii.)   The  toted  therms-electromotive -force  in  a  circuit 
is  the  sum  of  all  the  separate  thermo- electromotive- 
forces  at  the  various  junctions. 
It  follows  from  this  law  that  the  various  metals  can  be 
arranged,  as   Seebeck  found,  in  a  series,  according  to 
their  thermo-electric  power,  each  one  in  the  series  being 
thermo-electrically  positive  (as  bismuth  is  to  antimony) 
toward  one  lower  down.     The  following  is  the  thermo- 
eleotric  series  of  metals,  together  with  the  differences 
of  potentials  (in  microvolts)  which  they  exhibit  with  a 
difference  of  temperature  of  i°C,  lead  being  regarded  as 
the  standard  zero  metal. 
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+  Bismuth     .         .         .         . 

89  to  97 

German-silver     . 

1 1 75 

Lead          .         .         .         , 

0 

Platinum    .         .         .         . 

—    0-9 

Zinc           .         .         .         , 

-37 

Copper       .          .         .         , 

-    3-8 

Iron  .... 

•     -  17*5 

—  Antimony  .         .         .         , 

,       —  22*6  to  —  26*4 

A  very  small  amount  of  impurity  may  make  a  great 
difference  in  the  thermo-electric  power  of  a  metal,  and 
some  alloys,  and  some  of  the  metallic  sulphides,  as 
galena,  exhibit  extreme  thermo-electric  power. 

The  electromotive -forces  due  to  heating  single  pairs 
of  metals  are  very  small  indeed.  If  the  jimction  of  a 
copper- iron  pair  be  raised  I'C  above  the  rest  of  the 
circuit  its  electromotive-force  is  only  137  millionths  of  a 
volt  {i.e,  137  microvolts).  That  of  the  more  powerful 
bismuth-antimony  pair  is  for  I'C,  about  117  microvolts. 

382.  Thenno-eleotrio  Inversion. — Gumming  dis- 
covered that  in  the  case  of  iron  and  other  metals  an 
inversion  of  their  thermo-electric  properties  may  take 
place  at  a  high  temperature.  In  the  case  of  the  copper- 
iron  pair  the  temperature  of  280®  is  a  neutral  point ; 
below  that  temperature  the  current  flows  through  the 
hotter  junction  from  the  copper  to  the  iron ;  but  when 
the  circuit  is  above  that  temperature  iron  is  thermo- 
electrically  positive  to  copper. 

383.  Thermo-electric  Dia^rram. — The  facts  of 
thermo-electricity  are  best  studied  by  means  of  the 
diagram  (Fig.  143)  suggested  by  Sir  W.  Thomson  and 
constructed  by  Professor  Tait.  The  horizontal  divisions 
represent  temperatures,  the  vertical  distances  differences 
of  potential  divided  by  absolute  temperatures,  on  a  scale 
of  millionths  of  volts  per  degree.  These  differences  are 
measured  with  respect  to  the  metal  lead,  which  is 
taken  as  the  standard  of  zero  at  all  temperatures,  because, 
while  with  other  metals  there  appears  to  be  a  difference 
of  potentials  between  the  metal  hot  and  the  same  metal 


350 


ELEMENTARY  LESSONS  ON    [chap.  viii. 


cold,  hot  lead  brought  into  contact  with  cold  lead  shows 
no  perceptible  difference  of  potential. 


/ 


Fig-  143- 

An  example  will  illustrate  the  usefulness  of  the  diagram.  Let 
a  circuit  be  made  by  uniting  at  both  ends  a  piece  of  iron  and  a 
piece  of  copper  ;  and  let  the  two  junctions  be  kept  at  o'  and 
lOo"  respectively  by  melting  ice  and  boiling  water.  Then  the 
total  electromotive-force  round  the  circuit  is  represented  by  the 
area  a,  o,  -15,  d.  The  slope  of  the  lines  for  the  various  metals 
represents  the  property  referred  to  above,  of  an  electromotive- 
force  between  differently  heated  portions  of  the  same  metal 
accompanied  by  an  absorption  or  evolution  of  heat  when  the 
current  flows  from  a  hotter  to  a  colder  portion  of  the  same 
metal.  This  effect,  known  as  the  Thomson  effect  from  its 
discoverer  Sir  W,  Thomson,  is  opposite  in  iron  to  what  it  is 
in  copper  or  zinc.  In  copper,  when  a  current  of  electricity  flows 
from  a  hot  to  a  cold  point,  it  evolves  heat  in  the  copper,  and  it 
absorbs  heat  when  it  flows  from  a  cold  point  to  a  hot  point  in 
the  copper.  In  iron  a  current  flowing  from  a  hot  point  to  a 
cold  point  absorbs  heat. 

384.  Thermo-eleotrio  Piles. — In  order  to  increase 
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the  electromotive-force  of  thermo-electric  pairs  it  is  usual 
to  join  a  number  of  pairs  of  metals  (preferably  bismuth 
and  antimony)  in  series,  but  so  bent  that  the  alternate 
junctions  can  be  heated  as  shown  in  Fig.  144  at  B  B  B, 


Fig.  144. 

whilst  the  other  set  A  A  A  are  kept  cool.  The  various 
electromotive-forces  then  all  act  in  the  same  direction, 
and  the  current  is  increased  in  proportion  to  the  number 
of  pairs  of  junctions.  Powerful  thermo-electric  batteries 
have  been  made  by  Clamond, — an  iron-galena  battery 
of  120  pairs  affording  a  strong  current;  but  it  is 
extremely  difficult  to  maintain  them  in  effective  action 
for  long,  as  they  fail  after  continued  use,  probably 
owing  to  a  permanent  molecular  change  at  the  junctions. 
In  the  hands  of  Melloni  the  thermo-electric  pile  or 
thermopile,  constructed  of  many  small  pairs  of  anti- 
mony and  bismuth  united  in  a  compact  form,  proved  an 
excellent  electrical  thermometer  when  used  in  conjunction 
with  a  sensitive  short-coil  astatic  galvanometer  like  that 
of  Fig.  88.  For  the  detection  of  excessively  small 
differences  of  temperature  the  thermopile  is  an  invaluable 
instrument,  the  currents  being  proportional  to  the  differ- 
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ence  of  temperature  between  the  hotter  set  of  junctions 
on  one  face  of  the  thermopile  and  the  coaler  set  on  the 
other  face.  The  arrangement  of  the  thermopile  and 
galvanometer  for  this  purpose  is  shown  in  Fig.  145. 
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CHAPTER   IX. 

ELECTRO-OPTICS. 

Lesson  XXXV. — General  Relations  between  Light 

and  Electricity, 

y     886.  Of  late  years  several  important  relations  have 

been   observed   between   electricity   and   light     These 

relations  may  be  classified  under  the  following  heads : — 

(i.)  Production  of  double  refraction  by  dielectric  stress. 

(ii.)  Rotation  of  plane  of  polarisation  of  a  ray  of  light 

on  traversing  a  transparent  medium  placed  in  a 

magnetic  field,  or  by  reflection  at  the  surfsice  of  a 

magnet. 

(iii.)  Change    of   electric    resistance,    exhibited    by 

selenium  and  other  bodies  during  exposure  to  light 

(iv.)  Relation  between  refractive  index  and  dielectric 

capacity  of  transparent  bodies. 

It  was  announced  by  Mrs.  Somerville,  by  Zantedeschi,  and 
others,  that  steel  needles  could  be  magnetised  by  exposing 
portions  of  them  to  the  action  of  violet  and  ultra-violet  rays 
of  light ;  the  observations  were,  however,  erroneous. 

886.  Electrostatic  Optical  Stresa — In  1875  Dr. 
Kerr  of  Glasgow  discovered  that  glass  when  subjected  to 
a  severe  electrostatic  stress  undergoes  an  actual  strain, 
which  can  be  observed  by  the  aid  of  a  beam  of  polarised 
light.  In  the  original  experiment  two  wires  were  fixed 
into  holes  drilled  in  a  slab  of  glass,  but  not  quite  meeting, 

2  A 
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so  that  when  these  were  placed  in  connection  with  the 
tenninals  of  an  induction  coil  or  of  a  Holtz  machine  the 
accumulating  charges  on  the  wires  subjected  the  inter- 
vening dielectric  to  an  electrostatic  stress.  The  slab 
when  placed  between  two  Nicol  prisms  as  polariser  and 
analyser^  exhibited  double  refraction.  The  behaviour  of 
the  glass  was  as  if  it  had  been  subjected  to  a  pull  along 
the  direction  of  the  electric  force,  i.e.^  as  if  it  had  ex- 
panded along  the  lines  of  electrostatic  induction.  Later, 
he  found  that  bisulphide  of  carbon  and  other  insulating 
liquids  exhibit  similar  phenomena,  but  that  of  these  the 
fatty  oils  of  animal  and  vegetable  origin  exhibited  an 
action  in  the  negative  direction,  as  if  they  had  contracted 
along  the  lines  of  induction.  It  is  found  that  the 
quantity  of  optical  effect  (/>.,  the  difference  of  retardation 
between  the  ordinary  and  extraordinary  rays)  per  unit 
thickness  of  the  dielectric  is  proportional  to  the  square  oj 
the  resultant  electric  force.  The  axis  of  double  refraction 
is  along  the  line  of  the  electric  force.  Quincke  has 
pointed  out  that  these  phenomena  can  be  explained  by 
the  existence  of  electrostatic  expansions  and  contractions, 
stated  in  Art.  273. 

387.  Magneto-optic  Rotation  of  the  Plane  of 
Polarisation  of  a  Ray  of  Light. — A  ray  of  light 
is  said  to  be  polarised  if  the  vibrations  take  place  in  one 
plane.  Ordinary  light  can  be  reduced  to  this  condition 
by  passing  it  through  a  suitable  polarising  apparatus 
(such  as  a  Nicol  prism,  a  thin  slice  of  tourmaline  crystal, 
etc.)  In  1845  Faraday  discovered  that  a  ray  polarised 
in  a  certain  plane  can  be  twisted  roimd  by  the  action 
of  a  magnet,  so  that  the  vibrations  are  executed  in  a 
different  plane.  The  plane  in  which  a  ray  is  polarised 
^  can  be  detected  by  observing  it  through  a  second  Nicol 

prism  (or  tourmaline),  for  each  such  polariser  is  opaque 
to  rays  polarised  in  a  plane  at  right  angles  to  tl^at  plane 

1  The  student  is  referred  to  Prof.  Balfour  Stewart's  Lessons  on  Element^ 
ary  Physics  for  further  information  concerning  the  properties  of  polarised  light 
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in  which  it  would  itself  polarise  light.  Faraday  caused 
a  polarised  ray  to  pass  through  a  piece  of  a  certain 
*^ heavy  glass"  (consisting  chiefly  of  borate  of  lead), 
lying  in  a  powerful  magnetic  field,  between  the  poles 
of  a  large  electromagnet,  through  the  coils  of  which  a 
current  could  be  sent  at  pleasure.  The  emerging  ray 
traversed  a  second  Ni col  prism  which  had  been  turned 
roimd  until  all  the  light  was  extinguished.  In  this  posi- 
tion its  own  plane  of  symihetry  was  at  right  angles  to  the 
plane  of  polarisation  of  the  ray.  On  completing  the  cir- 
cuit, light  was  at  once  seen  through  the  analysing  Nicol 
prism,  proving  that  the  ray  had  been  twisted  round  into 
a  new  position,  in  which  its  plane  of  polarisation  was  no 
longer  at  right  angles  to  the  plane  of  symjnetry  of  the 
analyser.  But  if  the  analysing  Nicol  prism  was  itself 
turned  round,  a  new  position  could  be  found  (at  right 
angles  to  the  plane  of  polarisation  of  the  ray)  at  which 
the  light  was  once  more  extinguished.  The  direction  of 
the  magneto-optic  rotation  of  the  plane  of  polarisation  is 
the  same  (for  diamagnetic  media)  <w  that  in  which  the 
current  flows  which  produces  the  magnetism,  Verdet, 
who  repeated  Faraday's  experiments,  using  powerful 
electromagnets  of  the  form  shown  in  Fig.  127,  dis- 
covered the  important  law  that,  with  a  given  material, 
the  amount  of  rotation  is  proportional  to  the  strength  of 
the  magnetic  force  H.  In  case  the  rays  do  not  pass 
straight  along  the  direction  of  the  lines  of  force  (which 
is  the  direction  of  maximiun  effect),  the  amoimt  of  rota- 
tion is  proportional  to  the  cosine  of  the  angle  j8  between 
th^e  direction  of  the  ray  and  the  lines  of  force.  It  is  also 
proportional  to  the  length  I  of  the  material  through 
which  the  rays  pass.  These  laws  are  combined  in  the 
equation  for  the  rotation  ^ ; 

^  =  7e/  •  H  •  cos  /3  •  /, 
where  w  is  a  coefficient  which  represents  the  specific 
magnetic  rotatory  power  of  the  given  substance,  and  is 
known  as  *'  Verdefs  constant.'*'^     Now,  H'cos  6  is  the 
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resolved  part  of  the  magnetic  force  in  the  direction  of 
the  ray ;  and  H  •  cos  jS  •  /  is  the  difference  of  magnetic 
potential^  between  the  point  A  where  the  ray  enters  and 
B  where  it  leaves  the  mediunL  Hence  w,  the  coefficient 
of  specific  magnetic  rotatory  power,  is  found  by  divid- 
ing the  observed  angular  rotation  by  the  difference  of 
magnetic  potential  between  the  points  where  the  ray 
enters  and  leaves  the  medium ;  or 

e 

Different  substances  possess  different  magnetic  rotatory 
powers.  For  diamagnetic  substances  the  coefficient  is 
usually  positive;  but  in  the  case  of  many  magnetic 
substances,  such  as  solutions  of  ferric  chloride,  has  a 
negative  value ;  {i,e,  in  these  substances  the  rotation  is 
in  the  opposite  direction  to  that  in  which  the  magnetising 
current  flows).  The  phenomenon  discovered  by  Hall 
(Art.  337)  appears  to  be  intimately  related  to  the 
phenomenon  of  magneto-optic  rotation. 


Bisulphide  of  Carbon 
Water     .... 
Heavy  glass    . 

Coefficient  of  Specific 

Magnetic  Rotation, 

(Vexdet's  Constant  in  C  G.  S.) 

Magnetic 

Rotatory 

Power. 

1-5235  X  IO-* 
•4693  X  IO-* 

2-665     ^  ^0~* 

1*000 

•308 

1*422 

It  is  convenient,  for  purposes  of  reference,  to  take  the 
rotatory  power  of  bisulphide  of  carbon  as  unity.  Careful 
measurements  executed  by  J.  E.  H.  Gordon  have  shown 
that  the  rotatory  power  of  bisulphide  of  carbon,  thus 
assumed  as  a  standard,  must  be  multiplied  by  1*5235  x 
io~5  to  reduce  it  to  C.G.S.  measure ;  for  he  finds  that 

1  For  /orce  X  length  =  work;  and  the  work  done  in  bringing  a  unit 
magnetic  pole  from  A  to  B  against  the  magnetic  force  measures  the 
difTej-cnce  of  magnetic  potential     See  Art.  310  {e\ 
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this  is  the  number  of  radians  through  which  a  polarised 
ray  of  green  light  (of  thallium  flame)  will  be  rotated  by 
traversing  unit  difference  of  potential  For  rays  of 
different  colours  the  rotation  is  not  equal,  but  varies 
(very  nearly)  inversely  as  the  square  of  the  wave-length ; 
the  rotation  by  bisulphide  of  carbon  of  red,  green,  and 
blue  light  (rays  "C,"  «E,"  and  "G"),  being  respectively 
as  *6o,  1*00,  and  1*65.  H.  Becquerel,  who  gave  this  law, 
also  found  that  for  substances  of  similar  nature  the  rota- 
tion depends  on  the  refractive  index,  but  in  rather  a  com- 
plicated relation,  being  proportional  to  (jfi  (ju?  —  1); 
where  fi  is  the  refractive  index. 

Gases  also  rotate  the  plane  of  polarisation  of  light  in 
a  magnetic  field  with  varying  amounts ;  coal-gas  and 
carbonic  acid  being  more  powerful  than  air  or  hydrogen ; 
oxygen  and  ozone  being  negative.  The  rotation  is  in  all 
cases  very  slight,  and  varies  for  any  gas  in  proportion  to 
the  density — ^that  is  to  the  quantity  of  gas  traversed.  H. 
Becquerel  has  lately  shown  that  the  plane  of  the  natural 
polarisation  of  the  sky  does  not  coincide  with  the  plane 
of  the  Sim,  but  is  rotated  by  the  influence  of  the  earth's 
magnetism  through  an  angle  which,  however,  only  reached 
59'  of  arc  at  a  maximum  on  the  magnetic  meridian. 

388.  Photo -magnetlG  Properties  of  Iron. — Dr.  Kerr 
showed  in  1877  that  a  ray  of  polarised  light  is  also  rotated 
when  reflected  at  the  surface  of  a  magnet  or  electromagnet. 
When  the  light  is  reflected  at  a  pole  the  plane  of  polarisation  is 
turned  in  a  direction  contrary  to  that  in  which  the  magnetising 
current  flows.  If  the  light  is  reflected  at  a  point  on  the  side  of 
the  magnet  it  is  found  that  when  the  plane  of  polarisation  is 
parallel  to  the  plane  of  incidence  the  rotation  is  in  the  same 
direction  as  that  of  the  magnetising  current ;  but  that,  when  the 
plane  of  polarisation  is  perpendicular  to  the  plane  of  incidence, 
the  rotation  is  in  the  same  direction  as  that  of  the  magnetising 
current  only  when  the  incidence  exceeds  75*. 

Kundt  showed  in  1884  that  a  film  of  metallic  iron  so  thin  as 
to  be  transparent,  placed  across  the  lines  of  force  of  the  magnetic 
field,  rotates  the  plane  of  polarisation  of  transmitted  light 
strongly  in  the  direction  in  which  the  magnetising  current  flows. 
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380.  Photo-voltaic  Properties  of  Selenium. — 
In  1875  Willoughby  Smith  discovered  that  the  metal 
selenium  possesses  the  abnormal  property  of  changing 
its  electric  resistance  under  the  influence  of  light. 
Ordinary  fused  or  vitreous  selenium  is  a  very  bad 
conductor;  its  resistance  being  nearly  forty -thousand- 
million  (3 '8  X  10^^)  times  as  great  as  that  of  copper. 
When  carefully  annealed  (by  keeping  for  sqme  hours  at 
a  temperature  of  about  22o°C,  just  below  its  fusing 
point,  and  subsequent  slow  cooling)^  it  assumes  a  crystal- 
line condition,  in  which  its  electric  resistance  is  consider- 
ably  reduced.  In  the  latter  condition,  especially,  it  is 
sensitive  to  light.  Prof.  W.  G.  Adams  found  that  green- 
ish-yellow rays  were  the  most  effective.  He  also  showed 
that  the  change  of  electric  resistance  varies  directly  as 
the  square  root  of  the  illumination^  and  that  the  resist- 
ance is  less  with  a  high  electromotive-force  than  a 
low  one.  Lately,  Prof.  Graham  Bell  and  Mr.  Sumner 
Tainter  have  devised  forms  of  **  selenium  cells,"  in  which 
the  selenium  is  formed  into  narrow  strips,  between  the 
edges  of  broad  conducting  plates  of  brass,  thus  securing 
both  a  reduction  of  the  transverse  resistance  and  a  large 
amount  of  surface-exposure  to  light.  Thus  a  cell,  whose 
resistance  in  the  dark  was  300  ohms,  when  exposed  to 
sunlight  had  a  resistance  of  but  1 50  ohms.  This  pro- 
perty of  selenium  the  latter  experimenters  have  applied 
in  the  construction  of  the  Photophone,  an  instrument 
which  transmits  sounds  to  a  distance  by  means  of  a 
beam  of  light  reflected  to  a  distant  spot  from  a  thin 
mirror  thrown  into  vibrations  by  the  voice ;  the  beam 
falling,  consequently,  with  varying  intensity  upon  a  re- 
ceiver  of  selenium  connected  in  circuit  with  a  small 
battery  and  a  Bell  telephone  (Art,  435)  in  which  the 
sounds  are  reproduced  by  the  variations,  of  the  current. 

Similar  properties  are  possessed,  to  a  smaller  degree, 
by  tellurium.     Carbon  is  also  sensitive  to  light. 

About  the  middle  of  the  present  century  Becquerel 
showed   that   when  t\yo    plates  of  silver,  coated    with 
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freshly  deposited  chloride  of  silver,  are  placed  in  a  cell 
with  water  and  connected  with  a  galvanometer,  a  current 
is  observed  to  pass  when  light  falls  upon  one  of  the  two 
plates,  the  exposed  plate  acting  as  a  negative  pole. 

390.  Electromagnetic  Theory  of  Light. — Clerk 
Maxwell  proposed  a  theory  of  the  relation  between 
electromagnetic  phenomena  and  the  phenomena  of  light, 
based  upon  the  assumption  that  each  of  these  are  due  to 
certain  modes  of  motion  in  the  all-pervading  "^/^r"  of 
space,  the  phenomena  of  electric  currents  and  magnets 
being  due  to  streams  and  whirls,  or  other  bodily  move- 
ments in  the  substance  of  the  aether,  while  light  is  due 
to  vibrations  to  and  fro  in  it. 

We  have  seen  (Arts.  115,  338,  and  387)  what  evidence"there 
is  for  thinking  that  magnetism  is  a  phenomenon  of  rotation, 
there  being  a  rotation  of  something  around  an  axis  lying  in  the 
direction  of  the  magnetisation.  Such  a  theory  would  explain 
the  rotation  of  the  plane  of  polarisation  of  a  ray  passing  through 
a  magnetic  field.  For  a  ray  of  plane-polarised  light  may  be  con- 
ceived of  as  consisting  of  a  pair  of  (oppositely)  circularly-polarised 
waves,  in  which  the  right-handed  rotation  in  one  ray  is  periodi- 
cally counteracted  by  an  equal  left-handed  rotation  in  the  other 
ray ;  and  if  such  a  motion  were  imparted  to  a  medium  in  which 
there  were  superposed  a  rotation  (such  as  we  conceive  to  take 
place  in  every  magnetic  field)  about  the  same  direction,  one  of 
these  circularly-polarised  rays  would  be  accelerated  and  the  other 
retarded,  so  that,  when  they  were  again  compounded  into  a 
single  plane-polarised  ray,  this  plane  would  not  coincide  with  the 
original  plane  of  polarisation,  but  would  be  apparently  turned 
round  through  an  angle  proportional  to  the  superposed  rotation. 

It  was  pointed  out  (Art.  337)  that  an  electric  dis- 
placement produces  a  magnetic  force  at  right  angles  to 
itself;  it  also  produces  (by  the  peculiar  action  known  as 
induction)  an  electric  force  which  is  propagated  at  right 
angles  both  to  the  electric  displacement  and  to  the  mag- 
netic force.  Now  it  is  known  that  in  the  propagation  of 
light  the  actual  displacements  or  vibrations  which  con- 
stitute the  so-called  ray  of  light  are  executed  in  directions 
at  right  angles  to  the  direction  of  propagation.     This 
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analogy  is  an  important  point  in  the  theory,  and 
immediately  suggests  the  question  whether  the  respective 
rates  of  propagation  are  the  same.  Now  the  velocity 
of  propagation  of  electromagnetic  induction  is  that 
velocity  "v"  which  was  shown  (Art.  365)  to  represent 
the  ratio  between  the  electrostatic  and  the  electro- 
magnetic units,  and  which  (in  air)  is  believed  to  be 

2*9857  X  10^**  centimetres  per  second. 
And  the  velocity  of  light  (in  air)  has  been  repeatedly 
measured  (by  Fizeau,   Comu,   Michelson,  and  others) 
giving  as  the  approximate  value 

2*9992  X  10^^  centimetres  per  second. 
The  close  agreement  of  these  figures  is  at  least  re- 
markable. Amongst  other  mathematical  dedvictions 
from  the  theory  may  be  mentioned  the  following :  (i.) 
all  true  conductors  of  electricity  must  be  opaque ^  to  light; 
(ii.)  for  transparent  media  the  specific  inductive  capacity 
ought  to  be  equal  to  the  square  of  the  index  of  refraction. 
Experiments  by  Gordon,  Boltzmann,  and  others,  show 
this  to  be  approximately  true  for  waves  of  very  great 
wave-length.  The  values  are  shown  below.  For  gases 
the  agreement  is  even  closer. 


Flint  Glass      . 
Bisulphide  of  Carbon 
Sulphur  (mean) 
Paraffin .         .         . 

K. 

A*^. 

3*162 
1*812 
4*151 
2*32 

2*796 
2 '606 
4*024 

2-33 

1  The  author  of  these  Lessons  has  found  that  in  some  crystalline  bodies 
which  conduct  electricity  better  in  one  direction  than  in  another,  the  opacity 
to  light  differs  correspondingly.  Coloured  crystals  of  Tourmaline  conduct 
electricity  better  across  the  long  axis  of  the  crystal  than  aiong  that  axis. 
Such  crystals  are  much  more  opaque  to  light  passing  along  the  axis  than 
to  light  passing  across  it  And,  in  the  case  of  rays  traversing  the  crystal 
across  the  axis,  the  vibrations  across  the  axis  are  more  completely  absorbed 
than  those  parallel  to  the  axis :  whence  it  follows  that  the  transmitted  li^t 
will  be  polarized. 
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CHAPTER  X. 

INDUCTION  CURRENTS  (Magneto-Elcctricity). 
Lesson  XXXVI. — Currents  produced  by  Induction, 

391.  In  1 831  Faraday  discovered  that  currents  can 
be  induced  in  a  dosed  circuit  by  moving  magnets  near 
it,  or  by  moving  the  circuit  across  the  magnetic  field, 
and  he  followed  up  this  discovery  by  finding  that  a 
current  whose  strength  is  changing  may  induce  a 
secondary  current  in  a  closed  circuit  near  it  Such 
currents,  whether  produced  by  magnets  or  by  other 
currents,  are  known  as  Induction  Currenta  And 
the  action  of  a  magnet  or  current  in  producing  such 
induced  currents  is  termed  electromaernetic  induc- 
tion.^ 

302.  Induction  Currents  produced  by  a  Mag- 
net.— If  a  coil  of  insulated  wire  be  connected  in  circuit 
with  a  delicate  (long- coil)  galvanometer,  and  a  magnet 
be  inserted  rapidly  into  the  hollow  of  the  coil  (as  in  Fig. 

1  The  student  must  not  confuse  this  electromagnetic  induction  with  the 
phenomenon  of  the  electrostatic  induction  of  one  charge  of  electricity  by 
another  chargti  as  explained  in  Lesson  III.,  and  which  has  nothing  to  do 
with  currents.  Formerly,  before  the  identity  of  the  electricity  derived  from 
di£Ferent  sources  was  understood  (Art.  218),  electricity  derived  thus  from  the 
motion  of  magnets  was  termed  nuigneto-eUctricity.  For  most  purposes  the 
adjectives  niagneUhelectric  and  electro- fnagneiic  are  synonymous.  The 
production  of  electricity  from  magnetism,  and  of  magnetism  from  electricity, 
are,  it  is  true,  two  distinct  operations ;  but  both  are  included  in  the  branch 
of  science  denominated  Electromagnetics, 
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146),  a  momentary  current  is  observed  to  flow  round 
the  circuit  while  the  magnet  is  being  moved  into  the 
coil.     So  long  as  the  magnet  lies  motionless  in  the  coil 
it  induces  no  currents.     But  if  it  be  rapidly  pulled  out  of 
the    coil    another    momentary 
current    will   be    observed   to 
flow,  and  in  the  opposite  direc- 
tion to   the  former.      The   in- 
duced current  caused   by  in- 
serting   the    magnet     is    an 
inverse  current,  or    is    in   the 
opposite    direction     to     that 
which    would    magnetise    the 
magnet  with  its  existing  polar- 
ity.      The    induced     current 
caused     by    withdrawing    the 
■■  magnet  is  a  direct  current. 
Precisely  the  same  effect  is 
produced  if  the  coil  be  moved 
Y„  ,.fi  towards  the  magnet  as  if  the 

magnet  were  moved  toward 
the  coil.  The  more  rapid  the  motion  is,  the  stronger 
are  the  induced  currents. 

393.  Induction  OurrentB  produced  by  Cur- 
rents.—  Faraday  also  showed  that  the  approach  or 
recession  of  a  current  might  induce  a  current  in  a  closed 
circuit  near  it.  This  may  be  conveniently  shown  as  an 
experiment  by  the  apparatus  of  Fig.  147. 

A  coil  is  joined  up  to  a  sensitive  galvanometer  as 
__before.  A  smaller  coil  of  stout  wire  is  connected  to  the 
poles  of  a  battery  (a  single  Bunsen's  ceD  in  Fig.  147),  so 
as  to  be  traversed  by  a  current.  On  approaching  or 
inserting  the  smaller  or  ^^ primary"  coil  into  the  larger 
or  "secondary"  coil,  a  momentary  inverse  current  is 
produced ;  and  on  removing  it  a  momentary  direct 
current  (i.e.,  one  which  runs  the  same  way  round  the 
outer    secondary    coil    as    the    primary    current    which 
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circulates  in,the  inner  coil)  is  observed.     Breaking  tlie 
battery  circuit  while  ihe  primary  coil  lies  still  within  the 


secondary  outer  coil  produces  the  same  effect  as  if  the 
primary  coil  were  suddenly  removed  to  an  infinite  dis- 
tance.    Making  the  battery  circuit  while  the  primary 


3^4 
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coil  lies  within  the  secondary  produces  the  same  effect 
as  plunging  it  suddenly  into  the  coil. 

So  long  as  a  steady  current  traverses  the  primary 
circuit  there  are  no  induced  currents  in  the  secondary 
rfrcuit,  unless  there  is  relative  motion  between  the  two 
circuits :  but  moving  the  secondary  circuit  towards  the 
primary  has  just  the  same  effect  as  moving  the  primary 
circuit  towards  the  secondary,  and  vice  versa. 

We  may  tabulate  these  results  as  follows : — 


By 
means 
.   of 

Momentary  Inverse 

currents  are  induced 

in  the  secondary  circuit 

Momentary  Direct 

currents  are  induced 

in  the  secondary  circuit 

Magnet 

while  approaching. 

while  receding. 

Current 

while  approaching^ 

or  beginning, 

or  increasing  in  strength. 

while  receding, 

or  ending^ 

or  decreasing  in  strength. 

394.  Fundamental  Laws  of  Induction. — When 
we  reflect  that  every  circuit  traversed  by  a  current  has  a 
field  of  magnetic  force  of  its  own  in  which  there  are  lines- 
of-force  running  through  the  circuit  (Art.  192),  and  that  a 
coil  of  many  turns  has  a  field  in  which  the  lines-of-force 
are  distributed  almost  identically  as  those  of  a  magnet 
are,  we  shall  see  that  the  facts  tabulated  in  the  preceding 
paragraph  may  be  summed  up  in  the  following  fimda- 
mental  laws : — 

(i.)  A  decrease  in  the  number  of  lines-of-force  which 
pass  through  a  circuit  produces  a  current  round 
the  circuit  in  the  positive  direction  {i,e,^  produces 
a  ^^ direct ^^  current);  while  an  increase  in  the 
numJ>er  of  lines-offorce  which  pass  through  the 
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circuit  produces  a  current  in  the  negative  direction 
round  the  circuit. 

Here  we  suppose  ihe  positive  direction  along  lines-of-force  to 
be  the  direction^along  which  a  free  N.-pole  would  tend  to  move, 
and  positive  direction  round  the  circuit  to  be  the  same  as  the. 
direction  in  which  the  hands  of  a  clock  move.    {See  also  p.  275.) 

(ii.)  The  total  induced  electromotive -force  acting 
round  a  closed  circuit  is  equal  to  the  rate  of 
decrease  in  the  number  of  lines-of-force  which 
pass  through  the  circuit. 

Suppose  at  first  the  number  of  lines-of-force  passing  through 
the  circuit  to  be  N^,  and  that  after  a  very  short  interval  of  time, 
/,  they  are  N^  then  the  total  induced  dectromotive-force  E  is 

By  Ohm's  law,  C  =  E  -^  R,  therefore 

P_Ni-N,  . 
^  ■"       R^      • 

If  N,  is  greater  than  Ni,  and  there  is  an  increase  in  the  number 
of  lines-of-force,  then  N^  —  N,  will  be  a  negative  quantity,  and 
C  will  have  a  negative  sign,  showing  that  the  current  is  an 
inverse  one. 

A  reference  to  Fig.  134  will  make  this  important  law  clearer. 
Suppose  ABCD  to  be  a  wire  circuit  of  which  the  piece  AB  can 
slide  along  DA  and  CB  towards  S  and  T.  Let  the  vertical 
arrows  represent  vertical  lines  of  force  in  a  uniform  magnetic 
field,  and  show  (as  is  the  case  with  the  vertical  components 
of  the  earth's  lines-of-force  in  the  northern  hemisphere)  the 
direction  in  which  a  N. -pointing  pole  would  move  if  free.  The 
positive  direction  of  these  lines  of  force  is  therefore  vertically 
downwards  through  the  circuit.  Now  if  AB  slide  towards  ST 
with  a  uniform  velocity  it  will  cut  a  certain  number  of  lines-of- 
force  every  second,  and  a  certain  number  will  be  added  during 
every  second  of  time  to  the  total  number  passing  through  the 
circuit.  If  Ni  be  the  number  at  the  beginning,  and  Nj  that  at 
the  end  of  a  circuit,  Nj  —  Nj  will  be  a  negative  quantity,  and 
there  will  be  an  electromotive -force  round  the  circuit  whose 
direction  through  the  sliding  piece  is  from  A  towards  B. 

395.  The  following  adaptation  of  Ampere's  rule  to  the  case 
of  induction  may  be  usefid ;  Suppose  a  figure  swimming  in  any 
conductor  to  turn  so  as  to  look  along  the  {positive  direction  of  the) 
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lineS'Of-forcCy  then  if  he  and  the  conductor  be  moved  towards  his 
right  hand  he  xuill  be  swimming  with  the  current  induced  by  this 
motion  ;  if  he  be  moved  towards  his  left  hand,  the  current  will 
be  against  him. 

'  396.  Lenz's  Law. — In  Art.  320  it  was  laid  down  that  a 
circuit  traversed  by  a  current  experiences  a  force  tending  to 
move  it  so  as  to  include  the  greatest  possible  number  of  lines- 
of-force  in  the  embrace  of  the  circuit.  But  if  the  number  of 
lines-of-force  be  increased,  during  the  increase  there  will  be  an 
opposing  (or  negative)  electromotive -force  set  up,  which  will 
tend  to  stop  the  original  current,  and  therefore  tend  to  stop  the 
motion.  If  there  be  no  current  to  begin  with,  the  motion  will 
generate  one,  which  being  in  a  negative  direction  will  tend  to 
diminish  the  number  of  lines-of-force  passing  through  the 
circuit,  and  so  stop  the  motion.  Lenz,  in  1834,  summed  up 
the  matter  by  saying  that  in  all  cases  of  electromagnetic  induction 
the  induced  currents  hceve  such  a  direction  that  their  reaction 
tends  to  stop  the  motion  which  produces  them.  This  is  known 
as  Lenz's  Law. 

397.  Mutual  Induction  of  Two  Cirouits. — In 
Art.  3 20  it  was  shown  that  when  two  circuits,  in  which 
currents  of  unit  strength  are  flowing,  are  placed  near 
together,  they  have  a  niutual  potential  whose  value  we 
called  M.  This  symbol  M,  upon  investigation,  was 
found  to  represent  the  number  of  lines-of-force  which 
each  circuit  induced  through  the  other  circuit,  or  was 
"the  number  of  each  other^s  lines-of-force  mutually 
intercepted  by  both  circuits  when  each  carries  unit 
current."  This  number  depended  upon  the  form  and 
position  of  the  circuits,  and  was  greatest  when  they 
were  brought  as  near  together  as  possible.  Hence 
we  may  regard  this  quantity  M  as  the  "coefficient 
of  mutual  induction"  of  the  two  circuits;  and  any 
movement  of  either  circuit  which  alters  the  number 
of  lines-of-force  passing  mutually  through  them,  will 
be  accompanied  by  the  production  of  induced  cur- 
rents in  each.  It  can  be  shown  mathematically  that, 
in  the  case  of  two  simple  circular  circuits  of  equal  size, 
enclosing  area  S,  the  greatest  number  of  lines-of-force 
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each  can  induce  through  the  other,  when  each  carries 
unit  current,  is  4irS,  which  is  the  maximum  value  of 
M.  If  the  circuits  are  not  simple,  but  have  respectively 
m  turns  and  «  turns,  then  the  value  of  M  will  be 
47rS  X  tnn,  when  the  circuits  coincide  with  each  other. 

-.'  398.  Tbe  Induction  Ooll. — Induced  currents  have 
in  general  enormously  high  electromotive-forces,  and  are 
able  to  spark  across  spaces  that  ordinary  battery  cur- 
rents cannot  possibly  cross.  In  order  to  observe  these 
effects  a  piece  of  apparatus  invented  by  Mason,  and  im- 
proved by  Ruhmkorff,  and  termed  the  Induction  Ooil  or 
Inductorium  (Fig.  148),  is  used.  The  induction  coil  con- 
sists of  a  cylindrical  bobbin  having  a  central  iron  core 


Fig.  148. 

surrounded  by  a  short  inner  or  "  primary  "  coil  of  stout 
wire,  and  by  an  outer  "  secondary"  coil  consisting  of  many 
thousand  turns  of  very  fine  wire,  very  carefully  insulated 
between  its  different  parts.  The  primary  circuit  is  joined 
to  the  terminals  of  a  few  powerfiil  Grove's  or  Bunsen's 
cells,  and  in  it  are  also  included  an  interruptor,  and  a 
commutator  or  key.     The  object  of  the  interruptor  is 
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to  make  and  break  the  primary  circuit  in  rapid  sue* 
cession.  The  result  of  this  is  at  every  "  make  "  to  induce 
in  the  outer  "secondary"  circuit  a  momentary  inverse 
current,  and  at  every  "break"  a  powerful  momentary 
direct  current.  The  currents  at  "make"  are  sup- 
pressed, as  explained  below :  the  currents  at  "  break  " 
manifest  themselves  as  a  brilliant  torrent  of  sparks 
between  the  ends  of  the  secondary  wires  when  brought 
near  enough  together.  The  primary  coil  is  made  of 
stout  wire,  that  it  may  carry  strong  cxurrents,  and  produce 
a  powerful  magnetic  field  at  the  centre,  and  is  made  of 
few  tiuns  to  keep  the  resistance  low,  and  to  avoid  self- 
induction  of  the  primary  current  on  itself.  The  central 
iron  core  is  for  the  purpose  of  increasing,  by  its  great 
coefficient  of  magnetic  induction,  the  number  of  lines- 
of- force  that  pass  through  the  coils :  it  is  usually  made 
of  a  bundle  of  fine  wires  to  avoid  the  induction  currents, 
which  if  it  were  a  solid  bar  would  be  set  circulating  in 
it,  and  which  would  retard  its  rapidity  of  magnetisation 
or  demagnetisation.  The  secondary  coil  is  made  with 
many  turns,  in  order  that  the  coefficient  of  mutual 
induction  may  be  large ;  and  as  the  electromotive-force 
of  the  induced  currents  will  be  thousands  of  volts,  its 
resistance  will  be  immaterial,  and  it  may  be  made  of  the 
thinnest  wire  that  can  conveniently  be  wound.  In  Mr. 
Spottiswoode's  giant  Induction  Coil  (which  yields  a 
spark  of  42  J  inches'  length  in  air,  when  worked  with  30 
Grove's  cells),  the  secondary  coil  contains  280  miles  of 
wire,  wound  in  340,000  turns,  and  has  a  resistance  of 
over  100,000  ohms. 

The  interruptors  of  induction  coils  are  usually  self- 
acting.  That  of  Foucault,  shown  with  the  coil  in  Fig. 
148,  consists  of  an  arm  of  brass  L,  which  dips  a  platinum 
wire  into  a  cup  of  mercury  M,  from  which  it  draws  the 
point  out,  so  breaking  circuit,  in  consequence  of  its 
other  end  being  attracted  toward  the  core  of  the  coil 
whenever  it  is  magnetised ;  the  arm  being  drawn  back 
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again  by  a  spring  when,  on  the  breaking  of  the  circuit, 
the  core  ceases  to  be  a  magnet.  A  more  common 
interruptor  on  small  coils  is  a  "  break,"  consisting  of  a 
piece  of  thin  steel  which  makes  contact  with  a  platinum 
point,  and  which  is  drawn  back  by  the  attraction  of  the 
core  on  the  passing  of  a  current ;  and  so  makes  and 
breaks  circuit  by  vibrating  backwards  and  forwards  just 
as  does  the  hammer  of  an  ordinary  electric  bell. 

Associated  with  the  primary  circuit  of  a  coil  is  usually 
a  small  condensery  made  of  alternate  layers  of  tinfoil  and 
paraffined  paper,  into  which  the  current  flows  whenever 
circuit  is  broken.  The  object  of  the  condenser  is,  firstly, 
to  make  the  break  of  circuit  more  sudden  by  preventing 
the  spark  of  the  "extra -current"  (due  to  self-induction 
in  the  primary  circuit)  (Art.  404)  from  leaping  across 
the  interruptor ;  and,  secondly,  to  store  up  the  electricity 
of  this  self-induced  extra-current  in  order  that,  when 
circuit  is  again  made,  the  current  shall  attain  its  full 
strength  gradually  instead  of  suddenly,,  thereby  causing 
the  inductive  action  in  the  secondary  circuit  at  "  make  " 
to  be  comparatively  feeble. 

300.  Buhxnkor£f*s  Oomniutator. —  In  order  to 
cut  off  or  reverse  the  direction  of  the  battery  current  at 
will,  RuhmkorfF  invented  the  commutator  or  omrent- 
reverser,  shown  in  Fig.  149.  In  this  instrument  the 
battery  poles  are  connected  through  the  ends  of  the 
axis  of  a  small  ivory  or  ebonite  cylinder  to  two  cheeks 
of  brass  V  and  V,  which  can  be  turned  so  as  to  place 
them  either  way  in  contact  with  two  vertical  springs  B 
and  C,  which  are  joined  to  the  ends  of  the  primary  coil. 
Many  other  forms  of  commutator  have  been  devised; 
one,  much  used  as  a  key  for  telegraphic  signalling,  is 
drawn  in  Fig.  159. 

400.  Lmninous  Effects  of  Induction  Sparks.— 
The  induction  coil  furnishes  a  rapid  succession  of  sparks 
with  which  all  the  effects  of  disruptive  discharge  may  be 
studied.     These  sparks  differ  only  in  degree  from  those 

2  B 
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furnished  by  friction  machines  and  by  Leyden  jars  (see 
Lesson  XXIU.  on  Phenomena  of  Discharge). 


'0Ht 


Fig.  149- 

For  studying  discharge  through  glass  vessels  and  tubes 
from  which  the  air  has  been  partially  exhausted,  the 
coil  is  very  useful.  Fig.  150  illustrates  one  of  the 
many  beautiful  effects  which  can  be  obtained,  the  spark 
expanding  in  the  rarefied  gas  into  flickering  sheets  of 
light,  exhibiting  stride  and  other  complicated  phenomena. 

401.  Ourrenta  Induced  in  Masses  of  MetaJL — 
A  magnet  moved  near  a  solid  mass  or  plate  of  metal 
induces  in  it  currents,  which,  in  flowing  through  it  from 
one  point  to  another,  have  their  energy  eventually, 
frittered  down  into  heat,  and  which,  while  they  last, 
produce  (in  accordance  with  Lenz's  law)  electromagnetic 
forces  tending  to  stop  the  motion.  Several  curious 
instances  of  this  are  known.  Arago  discovered  that 
when  a  disc  of  copper  is  rotated  in  its  own  plane  under 
a  magnetic  needle  the  needle  turns  round  and  follows 
the  disc  1  and  if  a  magnet  is  rotated  beneath  a  balanced 
metal  disc  the  disc  follows  the  magneL  Attempts  were 
made   to   account   for   these   phenomena — known    as 
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Arago'i  rotations — by  supposing  there  to  be  a  sort  of 
magnetism  of  rotation,  until  Faraday  proved  them  to 
be   due   to    induction.      A 
magnetic  needle  set  swing- 
ing on  its  pivot  comes  to 
rest  sooner  if  a  copper  disc 
lies  beneath  it,  the  induced 
currents  stopping  it.     If  a 
cube  or  disc  of  good  con- 
ducting metal  be  set  spin- 
ning between  the  poles  of 
such   an   electromagnet  as 
that    drawn    in    Fig.    127, 
and  the  current  be  suddenly 
turned  on, thespinning  metal 
stops  suddenly.    If,  by  sheer 
force,  a  disc  be  kept  spin- 
ning between  the  poles  of 
a  powerful  electromagnet  it 
will  get  hot  in  consequence 
of  the  induced  currents  flow- 
ing through   it.       In    fact, 
any  conductor  moved  fore- 
ibiy    across    the    lines-of- 
fbrce  of  a   magnetic   field 
experiences    a    mechanical 
resistance    due    to   the   in- 
duced   currents   which    op- 
pose its  motion. 
^  402.    Ihdnotion  -  cur- 
rents &om  Earth's  Uaic-  T^g- 150- 
oetiam. — It  is  easy  to  ob- 
tain induced  currents  from  the  earth's  magnetism.     A 
coil  of  6ne  wire  joined  to  a  long-coil  galvanometer,  when 
suddenly  inverted,  cuts  the  lines -of- force  of  the  earth's 
magnetism,  and  is  traversed  accordingly  by  a  current. 
Faraday,  indeed,  applied  this  method  to  investigate 
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the  direction  and  number  of  lines -of- force.  If  a  small 
wire  coil  be  joined  in  circuit  with  a  long- coil  galvan- 
ometer having  a  heavy  needle,  and  the  Httle  coil  be  sud- 
denly inverted  while  in  a  magnetic  field,  it  will  cut  all 
the  lines-of-force  that  pass  through  its  own  area,  and 
the  sine  of  half  the  angle  of  the  first  swing  (see.  Art. 
204)  will  be  proportional  to  the  number  of  lines  of 
force  cut ;  for  with  a  slow-moving  needle,  the  total  quan- 
tity of  electricity  that  flows  through  the  coils  will  be  the 
integral  whole  of  all  the  separate  quantities  conveyed 
by  the  induced  currents,  strong  or  weak,  which  flow 
round  the  circuit  during  the  rapid  process  of  cutting 
the  lines-of-force  ;  and  the  little  coil  acts  therefore  as  a 
magnetic  proof -plane. 

If  the  circuit  be  moved  parallel  to  itself  across  a  uni- 
form magnetic  field  there  will  be  no  induction  currents, 
for  just  as  many  lines-of-force  will  be  cut  in  moving 
ahead  in  front  as  are  left  behind.  There  will  be  no  cur- 
rent in  a  wire  moved  parallel  to  itself  along  a  line-of-force  ; 
nor  if  it  lie  along  such  a  line  while  a  current  is  sent 
through  it  will  it  experience  any  mechanical  force. 

403.  Earth  Ourrents. —  The  variations  of  the 
earth's  magnetism,  mentioned  in  Lesson  XII.,  alter  the 
number  of  lines-of-force  which  pass  through  the  tele- 
graphic circuits,  and  hence  induce  in  them. disturbances 
which  are  known  as  "  earth  currents."  During  magnetic 
storms  the  earth  currents  on  the  Britisti  lines  of  telegraph 
have  been  known  to  attain  a  strength  of  40  milli-amp^res, 
which  is  stronger  than  the  usual  working  currents. 
Feeble  earth  currents  are  observed  every  day,  and  are 
more  or  less  periodic  in  character. 

404.  Self-induction  :  Extra  Ourrents.  — In  Art. 
397  the  induction  of  one  circuit  upon  another  was  ex- 
plained, and  was  shown  to  depend  upon  the  number  of 
lines-of-force  due  to  one  circuit  which  passed  through 
the  other,  the  coefficient  of  mutual  induction  M  being 
the  number  of  mutual  lines-of-force  embraced  by  both 
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circuits  when  each  carried  unit  current  Now,  if  two 
such  circuits  approach  one  another  so  as  actually  to 
coincide,  the  mutual  induction  becomes  a  self-induc- 
tion of  the  circuit  on  itself.  For  every  circuit  there  is  a 
coefficient  of  self-induction^  whose  value  depends  upon  the 
form  of  the  circuit,  and  which  will  be  greater  if  the 
circuit  be  coiled  up  into  many  turns,  so  that  one  loop  of 
the  circuit  can  induce  lines-of-force  through  another  loop 
of  the  same.  Let  L  represent  the  coefficient  of  self-in- 
duction of  one  circuit,  and  L'  that  of  a  second  circuit 
equal  to  the  first.  When  these  two  circuits  coincide  with 
one  another  their  coefficient  of  mutual  induction  (/.^.,  the 
number  of  lines-of-force  running  through  both  circuits, 
each  carrying  unit  current)  M  will  be  equal  to  L  +  L'; 
or,  L  =  ^  M.  Now  for  two  coincident  circuits  having 
n  turns  each,  and  each  of  area  S  (by  Art.  397), 

M  =  47rS«2; 

hence  the  coefficient  of  self-induction  for  one  circuit 
of  n  turns  coiled  up  in  one  plane, 

L  =  4irS«2. 

The  existence  of  self-induction  in  a  circuit  is  attested  by 
the  so-called  extra-current,  which  makes  its  appear- 
ance as  a  bright  spark  at  the  moment  of  breaking  circuit. 
If  the  circuit  be  a  simple  one,  and  consist  of  a  straight 
wire  and  a  parallel  return  wire,  there  will  be  little  or  no 
self-induction ;  but  if  the  circuit  be  coiled  up,  especially  if 
it  be  coiled  round  an  iron  bar,  as  in  an  electromagnet, 
then  on  breaking  circuit  there  will  be  a  brilliant  spark,  and 
a  person  holding  the  two  ends  of  the  wires  between  which 
the  circuit  is  broken  may  receive  a-  slight  shock,  owing 
to  the  high  electromotive-force  of  this  self-induced  extra 
current.  The  extra  -  current  due  to  self-induction  on 
"making"  circuit  is  an  inverse  current,  and  gives  no  spark, 
but  it  prevents  the  battery  current  from  rising  at  once  to 
its  full  value.  The  extrarcurrent  on  breaking  circuit  is 
a  direct  current,  and  therefore  increases  the  strength  of 
the  current  just  at  the  moment  when  it  ceases  altogether. 
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405.  Helznholtz's  Equationa — Helmholtz,  who 
investigated  mathematically  the  effect  of  self-induction 
upon  the  strength  of  a  current,  deduced  the  following 
important  equations  to  express  the  relation  between  the 
self-induction  of  a  circuit  and  the  time  required  to 
establish  the  current  at  full  strength : — 

The  current  of  self-induction  at  any  moment  will  be 
proportional  to  the  rate  at  which  the  current  is  increasing 
in  strength.  Let  t  represent  a  very  short  interval  of 
time,  and  let  the  current  increase  during  that  short 
interval  from  C  to  C  +  ^.  The  actual  increase  during 
the  interval  is  c,  and  the  rate  of  increase  in  strength  is 

- .    Hence,  if  the  coefficient  of  self-induction  be  L,  the 

electromotive-force  of  self-induction  will  be  -  Lp  and,  if 

the  whole  resistance  of  the  circuit  be  R,  the  strength  of 

the  opposing  extra-current  will  be  —  ^^  .  -  during  the  short 

interval  t  ;  and  hence  the  actual  strength  of  current  flow- 
ing in  the  circuit  during  that  short  interval  instead  of 
being  (as  by  Ohm's  Law  it  would  be  if  the  current  were 
steady)  C  =  E  -^  R,  will  be 

^        E       L    r 

^  R  R  T 
To  find  out  the  strength  at  which  the  current  will  have 
arrived  after  a  time  /  made  up  of  a  number  of  such  small 
intervals  added  together  requires  an  application  of  the 
integral  calculus,  which  at  once  gives  the  following 
result : — 

(where  c  is  the  base  of  the  natural  logarithms). 

Put  into  words,  this  expression  amounts  to  saying  that 
after  a  lapse  of  /  seconds  ^he  self-induction  in  a  circuit 
on  making  contact  has  the  effect  of  diminishing  the 
strength  of  the  current  by  a  quantity ^  the  logarithm  of 
whose  reciprocal  is  inversely  proportional  to  ilie  coefficient 
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of  self-induction^  and  directly  proportional  to  the  resist- 
ance of  the  circuit  and  to  the  time  that  has  elapsed  since 
making  circuit, 

A  very  brief  consideration  will  show  that  in  those 
cases  where  the  circuit  is  so  arranged  that  the  coefficient 
of  self-induction,  L,  is  small  as  compared  with  the  resist- 
ance R,  the  fraction  ^  will  have  a  high  value,  and  the 

term  (  -  lv  ^^  vanish  from  the  equation  for  all  appre- 
ciable values  of  /. 

Where,  however,  L  is  large  as  compared  with  R,  as 
in  long  coils,  long  lines  of  telegraph  cable,  etc.,  the  value 
of  this  term,  which  stands  for  the  retardation  due  to  self- 
induction^  may  become  considerable. 

406.  Induced  Ourrents  of  Higher  Ordera — 
Professor  Henry  discovered  that  the  variations  in  the 
strength  of  the  secondary  current  could  induce  tertiary 
currents  in  a  third  closed  circuit,  and  that  variations  in 
the  tertiary  currents  might  induce  currents  of  a  fourth 
order,  and  so  on.  A  single  sudden  primary  current  pro- 
duces therefore  two  secondary  currents  (one  inverse  and 
one  direct),  each  of  these  produces  two  tertiary  currents, 
or  four  tertiary  currents  in  alL  But  where  the  primary 
current  simply  varies  in  strength  in  a  periodic  rise  and 
fall, — ^as  when  a  musical  note  is  transmitted  by  a  micro- 
phone or  telephone  (Art  43  5),-^- there  will  be  the  same 
number  of  secondary  and  tertiary  fluctuations  as  of 
primary,  each  separate  induction  involving,  however,  a 
retardation  of  a  quarter  of  the  full  period. 


Lesson  XXXVII. — Magneto-electric  and  Dynamo- 
electric  Generators, 

407*.  Faraday's  discovery  of  the  induction  of  currents 
in  wires  by  moving  them  across  a  magnetic  field  sug- 
gested the  construction  of  magrneto-electric  machines 
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to  generate  currents  in  place  of  voltaic  batteries.  In 
the  early  attempts  of  Pixii  (1833),  Saxton,  and  Clarke, 
bobbins  of  insulated  wire  were  fixed  to  an  axis  and  spun 
rapidly  in  front  of  the  poles  of  strong  steel  magnets. 
But,  since  the  currents  thus  generated  were  alternately 
inverse  and  direct  currents,  a  commtUator  (which  rotated 
with  the  coils)  was  fixed  to  the  axis  to  turn  the  successive 
currents  all  into  the  same  direction.  The  little  magneto- 
electric  machines,  still  sold  by  opticians,  are  on  this 
principle.  Holmes  and  Van  Malderen  constructed  more 
powerful  machines,  the  latter  getting  a  nearer  approach 
to  a  continuous  current  by  combining  around  one  axis 
sixty -four  separate  coils  rotating  between  the  poles  of 
forty  powerful  magnets. 

In  1856  Siemens  devised  an  improved  armature,  in 
which  the  coils  of  wire  were  wound  lengthways  along 
a  ^indle  of  peculiar  form,  thereby  gaining  the  advantage 
of  being  able  to  cut  a  greater  number  of  lines -of- force 
when  rotated  in  the  powerful  "  field  "  between  the  poles 
of  a  series  of  adjacent  steel  magnets.  The  next  im- 
provement, due  to  Wilde,  was  the  employment  of  elec- 
tromagnets instead  of  steel  magnets  for  producing  the 
"  field  "  in  which  the  armature  revolved  ;  these  electro- 
magnets being  excited  by  currents  furnished  by  a  small 
auxiliary  magneto-electric  machine,  also  kept  in  rotation. 

408.  Dynamo-electric  Machines. — In  1867  the 
suggestion  was  made  simultaneously,  but  independently, 
by  Siemens  and  by  Wheatstone,  that  a  coil  rotating 
between  the  poles  of  an  electromagnet  might  from  the 
feeble  residual  magnetism  induce  a  small  current,  which, 
when  transmitted  through  the  coils  of  the  electromagnet, 
might  exalt  its  magnetism,  and  so  prepare  it  to  induce 
still  stronger  currents.  Magneto-electric  machines  con- 
structed on  this  principle,  the  coils  of  their  field-magnets 
being  placed  in  circuit  with  the  coils  of  the  rotating 
armature,  so  as  to  be  traversed  by  the  whole  or  by  a 
portion  of  the  induced  currents,  are  known  as  dsmamo- 
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electric  machines  or  generators,  to  distinguish  them 
from  the  generators  in  which  permanent  steel  magnets 
are  employed.  In  either  case  the  current  is  due  to 
magneto-electric  induction ;  and  in  either  case  also  the 
energy  of  the  currents  so  induced  is  derived  from  the 
dynamical  power  of  the  steam-engine  or  other  motor 
which  performs  the  work  of  moving  the  rotating  coils 
of  wire  in  the  magnetic  field.  Of  the  many  modem 
machines  on  this  principle  the  most  famous  are  those  of 
Siemens,  Gramme,  Brush,  and  Edison.  They  diflfer 
chiefly  in  the  means  adopted  for  obtaining  practical  con- 
tinuity in  the  cturent.  In  all  of  them  the  electromotive- 
force  generated  is  proportional  to  the  number  of  turns 
of  wire  in  the  rotilting  armature,  and  (within  certain 
limits)  to  the  speed  of^  revolution.  When  currents  of 
small  electromotive-force,  but  of  considerable  strength, 
are  required,  as  for  electroplating,  the  rotating  armatures 
of  a  generator  must  be  made  with  small  internal  resist- 
ance, and  therefore  of  a  few  turns  of  stout  wire  or  ribbon 
of  sheet  copper.  For  producing  currents  of  high  electro- 
motive-force for  the  purpose  of  electric  lighting,  the 
armature  must  be  driven  very  fast,  and  must  consist  of 
many  turns  of  wire,  or,  where  very  small  resistance  is 
necessary  (as  in  a  system  of  lamps  arranged  in  parallel 
arc),  of  rods  of  copper  suitably  connected. 

There  are  several  ways  of  arranging  the  coils  upon  the  rotating 
armature,  and  the  methods  adopted  may  be  classified  as  follows : — 

1.  Drum  Armatures,  in  which  the  coils  are  wound  longitudinally  upon 

the  surface  of  a  cylinder  or  drum.  Examples :  the  Siemens  (Alteneck) 
and  Edison  machines. 

2.  Ring  Armatures,  in  which  the  coils  are  wound  around  a  ring.    Ex- 

amples :  the  Padnotti,  Gramme,  Brush,  GQlcher,  and  BQrgin 
machines. 

3.  "Pole  Armatures,  in  which  the  coils  are  arranged  radially  with  their 

poles  pointing  outwards.     Example :  Lontin  machine. 

4.  Disc  Armatures,  having  coils  arranged  in  or  on  a  disc    Examples : 

Niaudet,  Wallace,  Hopkinson,  and  Gordon.  In  an  early  machine  hy 
Faraday  a  simple  copper  disc  rotating  between  the  poles  of  a  magnet 
generated  a  continuous  current. 
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There  are  also  several  ways  of  arranging  the  coils  of 
the  field-magnets,  giving  rise  to  following  classification : — 

X.  Series-Dynamo^  wherein  the  coils  of  the  field-magnets  are  in  series 
with  those  of  the  armature  and  the  external  circuit. 

2.  Shunt- DynamOf  in  which  the  coils  of  the  field-magnets  form  a  shunt 

or  shtmts  to  the  main  circuit ;  and  being  made  of  many  turns  of 
thinner  wire,  draw  off  only  a  fraction  of  the  whole  current. 

3.  Separately-excited  Dynamo :  one  in  which  the  currents  used  to  excite 

the  field-magnets  are  derived  from  a  separate  machine. 

4.  Compound-Dynamo:  partly  excited  by  shunt  coils,  partly  by  series 

coils. 
All  these  varieties  have  their  appropriate  uses  according  to  the  conditions 
under  which  they  are  applied. 

409.  Siemens'  Machine.  —  The  dynamo -electric 
generator,  invented  by  Siemens  and  Von  Hefner  Alteneck, 
usually  called  the  Siemens'  machine,  is  shown  in  Fig. 
151.  Upon  a  stout  frame  are  fiixed  four  powerful  flat 
electromagnets,  the  right  pair  having  their  N. -poles 
facing  one  another  and  united  by  arched  pieces  or 
cheeks  of  iron.  The  two  S.-poles  of  the  left  pair  are 
similarly  united.  In  the  space  between  the  right  and 
left  cheeks,  which  is,  therefore,  a  very  intense  magnetic 
field,  lies  a  horizontal  axis,  upon  which  rotates  an 
armature  consisting  of  fifty -six  separate  longitudinal 
coils,  each  end  of  each  coil  being  connected  with  a 
copper  bar  forming  one  segment  of  the  collector  or 
commutator  at  the  anterior  end  of  the  axis.  This 
armature  differs  from  the  earlier  simple  longitudinal 
armature  of  Siemens  only  in  the  multiplication  and 
arrangement  of  its  parts,  the  division  into  so  many  paths 
giving  a  current  which  is  practically  continuous.  The 
collector,  made  up,  as  said,  of  copper  bars  or  segments 
fixed  upon  a  cylinder  of  insulating  material,  may  be 
regarded  as  a  split-tube.  The  current  cannot  pass  fi-om 
one  segment  to  the  next  without  traversing  one  of 
the  fifty-six  coils  of  the  armature ;  and,  as  the  end  of 
one  coil  and  the  beginning  of  the  next  are  both  con- 
nected to  the  same  commutator  bar,  there  is  a  continuous 
communication  round  the  whole  armature.     Against  the 
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commutator  press  a  pair  of  metallic  brushes  or  springs, 
as  contact  pieces,  which  touch  opposite  sides  at  points 


above  and  below,  and  so  lead  away  into  the  ci 
current  generated  in  the  coils  of  the  rotating  2 
Suppose  the  1ines<if-force  in  the  field  to  run  from  right 
to  lefl,^  and  the  armature  to  rotate  left-handedly,  as  seen 
in  Fig.  151,  then,  by  the  rule  given  in  Art.  395,  in  all 


across  Ihe  field.  Il  fe  for  this  reason  thai  the  commulator  "  brushes  "  have 
tobedi^laced  with  a  certain  angular  "lead."  A  sinular  displacement  of 
the  brushes  occurs  in  the  Gramme  and  all  other  dynamo-electric  generators, 
the  dcETce  of  displacement  to  get  maximum  strength  of  cutreol  varying  with 


'I 
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the  separate  wires  of  the  coils,  moving  upwards  on  the 
right,  there  will  be  currents  induced  in  a  direction  from 
the  back  toward  the  front.  In  all  the  separate  wires  of 
the  coils  moving  downwards  on  the  left  of  the  axis,  the 
induced  currents  will  be  in  a  direction  from  the  front 
toward  the  back.  Hence,  if  the  coils  are  joined  as 
described  to  the  commutator  bars  all  the  currents  thus 
generated  in  one  half  of  the  coils  will  be  flowing  tnfo 
the  external  circuit  at  one  of  the  commutator  brushes ; 
and  all  the  reverse  currents  of  the  other  half  of  the  coils 
will  be  flowing  oui  of  the  other  brush.  The  terminal 
screws  connected  by  wires  to  the  commutator  brushes 
correspond  to  the  -f  and  —  poles  of  a  galvanic  battery, 
the  coils  of  the  field -magnets  being  included  in  the 
external  circuit. 

410.  Q-raznine's  Machine. — In  1864  Pacinotti  in- 
vented a  magneto-electric  machine,  its  armature  being  a 
toothed  ting-  of  iron  with  coils  wound  between  the  pro- 
jections. In  1870  Gramme  invented  a  dynamo-electric 
machine  having  a  ring  armature  differing  only  in  being 
completely  overwound  with  coils  of  insulated  copper 
wires.  The  principle  of  this  generator  is  shown  in 
diagram  in  Fig.  152.  The  ring  itself,  made  of  a  bundle 
of  annealed  iron  wires,  is  wound  in  separate  sections, 
the  ends  of  each  coil  being  joined  to  strips  of  copper 
which  are  insulated  from  each  other,  and  fixed  sym- 
metrically as  a  commutator  around  the  axis,  like  a  spKt- 
tube.  Their  actual  arrangement  is  shown  again  in  Fig. 
153.  The  coils  of  the  separate  sections  of  the  ring  are 
connected  together  in  series,  each  strip  of  the  commu- 
tator being  imited  to  one  end  of  each  of  two  adjacent 
coils.  Against  the  split -tube  collector  press  metallic 
brushes  to  receive  the  current.  When  this  ring  is  rotated 
the  action  is  as  follows  : — Suppose  (in  Fig.  152)  the  ring 
to  rotate  in  the  opposite  direction  to  the  hands  of  a  clock 
in  the  magnetic  field  between  the  N  and  S-poles  of  a 
magnet  (or  electro-magnet),  and  that  the  positive  direc- 
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tion  of  the  lines  of  force  is  from  N  to  S.  As  a  matter 
of  fact  the  lines  will  not  be  straight  across  from  N  to  S, 
because  the  greater  part  of  them  will  pass  into  the  ring 
near  N  and  traverse  the  iron  of  the  ring  to  near  S,  where 
they  emerge ;  the  space  within  the  ring  being  almost 
entirely  destitute  of  them.  Consider  one  single  coil  of 
the  wire  wrapped  round  the  ring  at  E"  which  is  ascending 


Fig.  152. 


toward  S  ;  the  greatest  number  of  lines-of-force  will  pass 
through  its  plane  when  it  lies  near  E'',  at  right  angles  to 
the  line  NS.  As  it  rises  toward  S  and  comes  to  E  the 
number  of  lines-of-force  that  traverse  it  will  be  steadily 
diminishing,  and  will  reach  zero  when  it  comes  close  to 
S  and  lies  in  the  line  NS,  edgeways  to  the  lines-of-force. 
As  it  moves  on  toward  E'  it  will  again  enclose  lines-of- 
force,  which  will,  however,  pass  in  the  negative  direction 
through  its  plane,  and  at  E'  the  number  of  such  negative 
lines-of-force  becomes  a  maximum.  Hence,  through  all 
its  journey  from  E"  to  E'  the  number  of  (positive)  lines- 
of-force  embraced  by  a  strand  of  the  coils  has  been 
diminishing ;  during  its  journey  round  the  other  half  from 
E'  to  E"  again,  the  number  will  be  increasing.  There- 
fore, by  the  rule  given  in  Art.  395,  in  all  the  coils  moving 
round  the  upper  half  of  the  ring  direct  currents  are  being 
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generated,  while  in  the  coils  of  the  lower  half  of  the  ring 
inverse  currents  are  being  generated.  Hence  there  is  a 
constant  tendency  for  electricity  to  flow  from  the  left  side 
at  E'  both  ways  round  towards  the  right  side  at  E",  and 
E°  will  be  at  a  higher  potential  than  E'.     A  continuous 


current  will  therefore  be  generated  in  an  external  wire, 
making  contact  at  F  and  F  by  means  of  brushes,  for  as 
each  successive  coil  moves  up  towards  the  brushes  the 
induced  current  in  it  increases  in  strength,  because  the 
coils  on  each  side  of  this  position  are  sending  their 
induced  currents  also  toward  that  point.  Fig,  1 53  shows 
the  little  Gramme  machine,  21  inches  high,  suitable  for 
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producing  an  electric  arc  light  when  driven  by  a  2^ 
horse-power  engine.  Above  and  below  are  opposite 
pairs  of  powerful  electro-magnets,  whose  iron  pole-pieces 
project  forwards  and  almost  embrace  the  central  ring- 
armature,  which,  with  the  commutator,  is  fixed  to  the 
horizontal  spindle. 

411.  {a)  Brash's  Machine. — In  Brush's  dynamo- 
electric  generator,  a  ring-armature  is  also  used,  identical 
in  form  with  that  invented  by  Pacinotti,  the  iron  ring 
being  enlarged  with  protruding  cheeks,  with  spaces  be- 
tween, in  which  the  coils  are  wound,  the  coils  themselves 
being  also  somewhat  differently  joined,  each  coil  being 
united  with  that  diametrically  opposite  to  it,  and  having 
for  the  pair  a  commutator  consisting  of  a  collar  slit  into 
two  parts.  For  each  pair  of  coils  there  is  a  similar 
collar,  the  separate  collars  being  grouped  together  and 
conmiunicating  to  two  or  more  pairs  of  brushes  that  rub 
against  them  the  currents  which  they  collect  in  rotating. 
The  electromotive-force  of  these  machines  is  very  high, 
hence  they  are  able  to  drive  a  current  through  a  long 
row  of  arc  lamps  connected  in  one  series.  The  largest 
Brush  machines  capable  of  maintaining  65  arc  lights 
have  an  electromotive -force  exceeding  3000  volts. 
Dynamo  machines  having  modifications  of  the  ring- 
armature  have  also  been  invented  by  Giilcher,  Schuckert, 
and  others.  In  Giilcher's  and  Schuckert's  machines 
the  ring-armature  takes  the  form  of  a  flattened  disk.  In 
Biirgin*s  machine  the  armature  is  made  up  of  eight  or  ten 
rings,  each  constructed  upon  a  very  simple  hexagonal  core 
of  iron  wire,  and  placed  side  by  side  upon  one  spindle, 
each  ring  being  set  slightly  in  advance  of  its  neighbour. 
In  Crompton's  dynamo  the  armature  is  wound  on  a 
hollow  cylindrical  core  built  up  of  flat  thin  iron  rings. 

Siemens  and  others  have  devised  another  class  of 
dynamo-electric  machines,  differing  entirely  from  any  of 
the  preceding,  in  which  a  coil  or  other  movable  con- 
ductor slides  round  one  pole  of  a  magnet  and  cuts  the 
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lines  of  force  in  a  continuous  manner  without  any  reversals 
in  the  direction  of  the  induced  currents.  Such  machines, 
sometimes  called  "  uni-polar  "  machines,  have,  however, 
very  low  electromotive-force. 

All  and  any  of  the  continuous-current  magneto-electric 
and  dynamo-electric  machines  can  be  used  as  electro- 
motors, the  armature  rotating  with  considerable  power 
when  a  current  from  an  independent  source  is  led  into 
the  machine. 

411.  (d)  Edison's  Machine. — Some  very  large  dynamO' 
electric  generators  have  been  constructed  by  Edison  for  his 
system  of  electric  lighting.  This  machine  (as  shown  in  Fig. 
154)  is  built  upon  the  same  bed-plate  as  the  steam-engine  (of 
120  H-P)  which  drives  it,  and  is  called  by  its  designer  the 
steam-dynamo.  The  field-magnets  are  placed  horizontally,  and 
consist  of  12  cylindrical  iron  bars  overwound  with  wire,  united  to 
solid  iron  pole-pieces  weighing  many  tons.  Between  the  upper 
and  lower  pole-pieces  rotates  the  armature,  which  is  a  modifica- 
tion of  the  drum-armature  of  Siemens,  and  is  made  up  of  98 
long  rods  of  copper  connected  by  copper  discs  at  the  ends  instead 
of  coils  of  wire.  The  commutator  or  collector  consists  of  49 
parallel  bars  of  copper,  like  the  split-tube  commutator  of  the 
other  machines.  The  circuit  of  the  armature  runs  from  one  bar 
of  the  commutator  along  one  of  the  copper  rods  into  a  copper 
disc  at  the  far  end,  crosses  by  this  disc  to  the  opposite  rod, 
along  which  it  comes  back  to  the  front  end  to  another  copper 
disc  connected  to  the  next  bar  of  the  commutator,  and  so  on  all 
round.  This  arrangement  greatly  reduces  the  wasteful  resistance 
of  the  armature,  and  adds  to  the  efficiency  of  the  machine.  The 
interior  of  the  armature  is  made  up  of  thin  discs  of  iron  strung 
upon  the  axis  to  intensify  the  magnetic  action  while  avoiding 
the  currents  which  would  be  generated  wastefully  (see  Art  401) 
in  the  mass  of  the  metal  were  the  iron  core  solid.  There  are 
also  5  pairs  of  brushes  at  the  commutator  to  diminish  sparking. 
This  machine  has  a  very  high  efficiency,  and  turns  90  per  cent 
of  the  mechanical  power  into  electrical  power.  It  is  capable  of 
maintaining  1300  of  Edison's  incandescent  lamps  (Art  374) 
alight  at  one  time.  When  driven  at  300  revolutions  per  minute 
the  current  generated  is  about  900  amperes,  and  the  electro- 
motive-force 105  volts. 

41L  (c)  Alt^nQate-Current  Machines. — In  some  dynamo- 

2  C 
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electric  machines  the  alternately-directed  currents  generated  by 
the  successive  approach  and  recession  of  the  coils  to  and  from 
the  fixed  magnet-poles  are  never  commuted,  but  pass  direct  to 
the  circuit     In  a  tjrpical  machine  of  this  class  invented    by 
Wilde,  the  armature  consists  of  a  series  of  bobbins  arranged 
upon  the  periphery  of  a  disk  which  rotates  between  two  sets  of 
fixed  electromagnets  arranged  upon  circular  frames,  and  pre- 
senting N  and  S- poles   alternately  inward.      The   alternate- 
current  machine  of    Siemens    is    similar    in    design.       Such 
machines  cannot  excite  their  own  field-magnets  with  a  constant 
polarity,  and  require  a  small  auxiliary  direct-current  dynamo  to 
excite  thdr  magnets.     In  another  machine,  devised   by  De 
Mentens,  a  ring -armature,  resembling  those  of  Pacinotti  and 
Brush,  moves  in  front  of  permanent  steel  magnets.     In  this 
machine  the  current  induced  in  the   circuit  in  one   direction 
while  the  coils  approach  one  set  of  poles  is  immediately  followed 
by  a  current  in  the  other  direction  as  the  coils  recede  from  this 
set  of  poles  and  approach  the  set  of  poles  of  contrary  sign. 
Alternate-current  machines  have  also  been  devised  by  Lontin, 
Gramme,  and  others,  for  use  in  particular  systems  of  electric 
lighting ;  as,  for  example,  the  JablochkofF  candle  (Art.  374). 
In  Lontin's  machine,  as  in  the  more  recent  and  much  larger 
disk-dynamo  of  Gordon,  the  field-magnet  coils  rotate  between 
two  great  rings  of  fixed  coils  in  which  the  currents  are  in- 
duced.    A  recent  form  of  alternate-current  machine,  designed 
by  Ferranti,  differs  from  the  machines  of  Wilde  and  Siemens  in 
the  substitution  of  copper  strips  wound  in  zig-zag,  for  the  set 
of  rotating  bobbins  in  the  armature.      This  construction  had 
previously  been  applied  by  Hopkinson  and  Muirhead. 

411.  {d)  Compound- Wound  Machines. —  The  field-mag- 
nets of  a  d3mamo-electric  machine  are  sometimes  wound  with 
two  sets  of  coils,  so  that  it  can  be  used  as  a  combined  shunt- 
and-series  machine  (see  Art.  408).  Such  machines,  when  run 
at  a  certain  **  critical "  speed,  may  be  made  to  yield  a  constant 
current,  or  to  work  at  a  constant  electromotive-force  whatever 
the  resistances  in  circuit.  It  is  possible  to  attain  either  of  these 
ends  by  combining,  in  one  case  a  shunt-winding,  in  the  other 
case  a  series-winding,  with  an  independent  magnetisation  de- 
rived either  from  a  permanent  magnet  or  from  a  separately- 
excited  field  magnet. 
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CHAPTER   XL 

Electro-Chemistry. 
Lesson  XXXVI I  L — Electrolysis  and  Electrometallurgy, 

412.  In  Lessons  XIV.  and  XVIII.  it  was  explained 
that  a  definite  amount  of  chemical  action  in  a  cell 
evolves  a  current  and  transfers  a  certain  quantity  of 
electricity  through  the  circuit,  and  that,  conversely,  a 
definite  quantity  of  electricity,  in  passing  through  an 
electrolytic  cell,  will  perform  there  a  definite  amount  of 
chemical  work.  The  relation  between  the  current  and 
the  chemical  work  performed  by  it  is  laid  down  in  the 
following  paragraphs. 

413.  Electromotive  -  force  of  Polarisation. — 
Whenever  an  electrolyte  is  decomposed  by  a  ciurrent, 
the  resolved  ions  have  a  tendency  to  reunite,  that 
tendency  being  commonly  termed  "chemical  affinity." 
Thus,  when  zinc  sulphate  (ZnSO^)  is  split  up  into  Zn 
and  SO^  the  zinc  tends  to  dissolve  again  into  the  solution 
by  reason  of  its  "  affinity  "  for  oxygen  and  for  sulphuric 
acid.  But  zinc  dissolving  into  sulphuric  acid  sets  up  an 
electromotive-force  of  definite  amount ;  and  to  tear  the 
zinc  away  from  the  sulphuric  acid  requires  an  electro- 
motive-force at  least  as  great  as  this,  and  in  an  opposite 
direction  to  it.  So,  again,  when  acidulated  water  is 
decomposed  in  a  voltameter,  the  separated   hydrogen 
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and  oxygen  tend  to  reunite  and  set  up  an  opposing 
electromotive -force  of  no  less  than  1*47  volts.  This 
opposing  electromotive-force,  which  is  in  fact  the  measure 
of  their  "  chemical  afl&nity,"  is  termed  the  electromotive- 
force  of  polarisation.  It  can  be  observed  in  any  water- 
voltameter  (Art  208)  by  simply  disconnecting  the 
wires  from  the  battery  and  joining  them  to  a  galvan- 
ometer, when  a  current  will  be  observed  flowing  back 
through  the  voltameter  from  the  hydrogen  electrode 
toward  the  oxygen  electrode.  The  polarisation  in  a 
voltaic  cell  (Art.  163)  produces  an  opposing  electro- 
motive-force in  a  perfectly  similar  way. 

Now,  since  the  afiinity  of  hydrogen  for  oxygen  is 
represented  by  an  electromotive-force  of  1*47  volts,  it  is 
clear  that  no  cell  or  battery  can  decompose  water  unless 
it  has  an  electromotive -force  at  least  of  1*47  volts. 
With  every  electrolyte  there  is  a  similar  minimum 
electromotive-force  necessary  to  produce  complete  con- 
tinuous decomposition. 

414.  Theory  of  Eleotrolysia — Suppose  a  current 
to  convey  a  quantity  of  electricity  Q  through  a  circuit 
in  which  there  is  an  opposing  electromotive -force  £ : 
the  work  done  in  moving  Q  units  of  electricity  against 
this  electromotive-force  will  be  equal  to  E  x  Q.  (If  E 
and  Q  are  expressed  in  "absolute"  CG.S.  units,  E-Q 
will  be  in  ergs,)  The  total  energy  of  the  current,  as 
available  for  producing  heat  or  mechanical  motion,  will 
be  diminished  by  this  quantity,  which  represents  the 
work  done  against  the  electromotive-force  in  question. 

But  we  can  arrive  in  another  way  at  an  expression 
for  this  same  quantity  of  work.  For  the  quantity  of 
electricity  in  passing  through  the  cell  will  deposit  a 
certain  amount  of  metal :  this  amount  of  metal  could  be 
burned,  or  dissolved  again  in  acid,  giving  up  its  potential 
energy  as  heat,  and,  the  mechanical  equivalent  of  heat 
being  known,  the  equivalent  quantity  of  work  can  be 
calculated.     Q  units  of  electricity  will  cause  the  depo- 
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sition  of  Q^  grammes  of  an  ion  whose  absolute  electro- 
chemical equivalent  is  s,    [For  example,  s  for  hydrogen  is 
•00010352  gramme,  being  ten  times  the  amount  (see  table 
in  Art.  212)  deposited  by  one  coulomb,  for  the  coulomb 
is  A  of  the  absolute  C.G.S.  unit  of  quantity.]      If  H 
represent   the  number  of  heat  units   evolved  by  one 
granmie  of  the  substance,  when  it  enters  into  the  com- 
bination in  question,  then  Q^H  represents  the  value  (in 
heat  units)  of  the  chemical  work  done  by  the  flow  of  the 
Q  units ;  and  this  value  can  immediately  be  translated 
into  ergs  of  work  by  multiplying  by  Joule's  equivalent  J 
(  =  42  X  10^).     [See  Table  on  page  400.] 
We  have  therefore  the  following  equality  : — 
EQ  =  Q-s^HJ  ;  whence  it  follows  that 
E  =  jyHJ  ;  or,  in  words,  the  electromotive- 
.force  of  any  chemical  reaction  is  equal  to  the  product  of 
the  electro-chemical  equivalent  of  the  separated  ion  into 
its  heat  of  combination^  expressed  in  dynamiccd  units. 

Examples. — (i)  Electromotive -force  of  Hydrogen  tending  to 
^      unite  with  Oxygen,      For  Hydrogen  z  =  -00010352 ;   H 
(heat  of  combination  of  one  gramme)  =  34,000  gramme- 
d^;ree-units ;  J  =  42  x  lO*. 

•00010352  X  34,000  X  42  X  lo*  =  I  '47  X  10^  "  absolute  " 
units  of  electromotive-force,  or  =  1*47  volts, 

(2)  Electromotiveforce  of  Zinc  dissolving  into  Sulphuric  Acid. 

z  =  '003364 ;  H  =  1670  (according  to  Julius  Thomsen) ; 
J  =  42  X  lo*. 

•003364  X  1670  X  42  X  lo*  =  2*359  X  loP. 

or  =  2*359  volts, 

(3)  Electromotiveforce  of  Copper  dissolving  into  Sulphuric  Acid 

z  =  -003261 ;  H  =  909-5  ;  J  =  42  X  lo". 
•003261  X  909-5  X  42  X  10'  =  1*252  X  loP. 

or  =  I  '252  volts. 

(4)  Electromotiveforce  of  a  Daniell's  Cell.   Here  zinc  is  dissolved 

at  one  pole  to  form  zinc  sulphate,  the  chemical  action  setting 
up  a  +  electromotive-force,  while  at  the  other  pole  copper 
is  deposited  by  the  current  out  of  a  solution  of  copper 
sulphate,  thereby  setting  up  an  opposing  (or  -)  electro- 
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motive -force.  That  due  to  zinc  is  shown  above  to  be 
+  2*359  ^oHs,  that  to  deposited  copper  to  be  -  i'242. 
Hence  the  net  electromotive-force  of  the  cell  is  (neglecting 
the  slight  electromotive -force  where  the  two  solutions 
touch)  2*359  -  1*242  =  1*117  volts.  This  is  nearly  what 
is  found  (Art.  170)  in  practice  to  be  the  case.  It  is  less 
than  will  suffice  to  electrolyse  water,  though  two  Daniell's 
cells  in  series  electrolyse  water  easily. 

415.  Secondary  Batteries :  Storage  of  Electric  Currents. 
— A  voltameter,  or  series  of  voltameters,  whose  electrodes  are 
thus  charged  respectively  with  hy- 
drogen and  oxygen,  will  serve  as 
secondary  batteries,  in  which  the 
energy  of  a  current  may  be  stored  up 
(as  chemical  work)  and  again  given 
out.  Ritter,  who  in  1803  con- 
structed a  secondary  pile,  used  elec- 
trodes of  platinum.  Gaston  Plants, 
in  i860,  devised  a  secondary  cell 
consisting  of  two  pieces  of  sheet 
lead  rolled  up  (without  actual  con- 
tact) as  electrodes,  dipping  into 
dilute  sulphuric  acid,  as  in  Fig. 
155  ;  the  lead  becoming  with  re- 
peated charges  in  alternate  directions 
coated  with  a  semi -porous  film  of 
brown  dioxide  of  lead  on  the  anode 
plate,  and  on  the  kathode  plate 
assuming  a  spongy  metallic  state 
presenting  a  large  amount  of  surface 
of  high  chemical  activity.  When 
such  a  battery,  or  accumulator  of 
currentSy  is  charged  by  connecting  it 
with  a  dynamo- electric  machine  or 
other  powerful  generator  of  currents, 
the  anode  plate  becomes  peroxidised, 
while  the  kathode  plate  is  deoxidised  by  the  hydrogen  that 
is  liberated.  The  plates  may  remain  for  many  days  in  this 
condition,  and  will  furnish  a  current  until  the  two  lead  surfaces 
are  reduced  to  a  chemically  inactive  state.  The  electro- 
motive-force of  such  cells  is  about  2*0  volts  during  discharge. 
Plante  has  ingeniously  arranged  batteries  of  such  cells  so  that 
they  can  be  charged  in  parallel  arc,  and  discharged  in  series, 


Fig.  155- 
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giving  (for  a  short  time)  currents  of  extraordinary  strength. 
Fame,  in  1881,  improved  the  Plants  accumulator  by  giving  the 
two  lead  plates  a  preliminary  coating  of  rid-Ued  (or  minium). 
When  a  cutienl  is  passed  through  the  cell  to  charge  it,  the  red- 
lead  is  peroxidised  at  the  anode,  and  reduced, — first  to  a  con- 
dition of  lower  oxide,  then  to  the  spongy  metallic  state, — at  the 
kathode,  and  thus  a  greater  thickness  of  the  working  substance 
is  provided,  and  takes  far  less  lime  to  form  than  is  the  case  in 
Plant^'s  cells.     For  electric  lighting,  Faure'a  cells  are  made  up 


with  flat  plates  in  the  form  shown  in  Fig.  itfi.  In  Sellon's 
and  Volckmar's  accumulators  the  minium  is  packed  into  inter- 
stices in  the  lead  pistes.  A  secondary  cell  resembles  a  Leyden 
jar  in  that  it  can  be  charged  and  then  discharged.  Its  time- 
rate  of  leakage  is  also  similar.  The  residual  charges  of  Leyden 
jais,  though  small  in  quantity  and  transient  in  thetr  discbarge, 
yet  exactly  resemble  the  polarisation  charges  of  voltameters, 

416  Orove'a  Gaa  Battery.— Sir  W.  Grove  devised  a  cell 
in  which  platinum  electrodes,  in  contact  respectively  with  hy- 
drogen and  oxygen  gas,  replaced  the  usual  zinc  and  copper  plates. 
Each  of  these  gases  is  partially  occluded  by  the  metal  platinum, 
which,  when  so  treated,  behaves  like  a  diiferent  metal.  In  Fig. 
157  one  form  of  Grove's  Gas  Battery  is  shown,  the  lubes  O 
and  H  containing  the  +  and  -  electrodes,  surrounded  with 
oxygen  and  hydrogen  respectively. 
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417.  Oeneral  Laws  of  Bleotrolytto  Aotloii. — In 
addition  to  Faraday's  quantitative  laws  given  in  Art.  211, 
'  the  following  are 

/  important : — 
(«.)     Every 
electrolyte  is  de- 
composed    into 
two  portions,  an 

tion,  which  may 
be  themselves 
either  simple  or 
compound.  In 
the  case  of  simple 

pounds,  such  as 
fiised  salt  (Na 
CI),  the  ions  are 
simple  elements. 
In  other  cases 
the  products  are 
often  complicat- 
ed by  secondary 

even  possible  to 
deposit  an  alloy 
of  two  metals — 
brass  for  example 

ture  of  the  cya- 
nides of  zinc  and 
*'«■  '"■  of  copper. 

(b.)  In  binary  compounds  and  most  metallic  solutions, 
the  melal  is  deposited  by  the  current  where  it  leaves  the 
cell,  at  the  kathode. 

(c.)  Aqueous  solutions  of  salts  of  the  metals  of  the 
alkalies  and  alkaline  earths  deposit  no  metal,  but  evolve 
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hydrogen  owing  to  secondary  action  of  the  metal  upon 
the  water.  From  strong  solutions  of  caustic  potash  and 
soda  Davy  succeeded  in  obtaining  metallic  sodium  and 
potassium,  which  were  before  unknown.  If  electrodes  of 
mercury  are  employed,  an  amalgam  of  either  of  these 
metals  is  readily  obtained  at  the  kathode.  The  so- 
called  ammoniuriu2Lva3X^;aja!L  is  obtained  by  electrolysing  a 
warm,  strong  solution  of  salammoniac  between  mercury 
electrodes. 

(^.)  Substances  can  be  arranged  in  a  definite  series 
according  to  their  electrolytic  behaviour ;  each  substance 
on  the  list  behaving  as  a  kathion  (or  being  "  electroposi- 
tive") when  electrolysed  from  its  compound  with  any 
other  on  the  list  In  such  a  series  the  oxidisable  metals, 
potassium,  sodium,  zinc,  etc,  head  the  list ;  after  which 
come  the  less  oxidisable  or  "electronegative"  metals  ;  then 
carbon,  oxygen,  phosphorus,  iodine,  chlorine,  sulphur, 
and  lastly  ozone. 

{e,)  From  a  solution  of  mixed  metallic  salts  the  least 
electropositive  metal  is  deposited  first,  unless  the  current 
be  very  strong. 

(^)  The  liberated  ions  appear  only  at  the  elec- 
trodes. 

(^.)  For  each  electrolyte  a  minimum  electromotive- 
force  is  requisite,  without  which  complete  electrolysis 
cannot  be  effected.     (See  Art  413.) 

(A.)  If  the  current  be  of  less  electromotive-force  than 
the  requisite  minimum,  electrolysis  may  begin,  and  a 
feeble  current  flow  at  first,  but  no  ions  will  be  liberated, 
the  current  being  completely  stopped  as  soon  as  the 
opposing  electromotive-force  of  polarisation  has  risen  to 
equality  with  that  of  the  electrolysing  current. 

(/.)  There  is  no  opposing  electromotive-force  of  polar- 
isation when  electrolysis  is  effected  from  an  anode  of  the 
same  metal  that  is  being  deposited  at  the  kathode.  The 
feeblest  cell  will  suffice  to  deposit  copper  from  sulphate  of 
copper  if  the  anode  be  a  copper  plate. 


1/ 
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(/.)  Where  the  ions  are  gases,  pressure  affects  the 
conditions  but  slightly.  Under  300  atmospheres  acid- 
ulated water  is  still  electrolysed;  but  in  certain  cases 
a  layer  of  acid  so  dense  as  not  to  conduct  collects  at 
the  anode  and  stops  the  current. 

(>&.)  The  chemical  work  done  by  a  current  in  an 
electrolytic  cell  is  proportional  to  the  minimum  electro- 
motive-force of  polarisation. 

(/.)  Although  the  electromotive-force  of  polarisation 
may  exceed  this  minimum,  the  work  done  by  the  current 
in  overcoming  this  surplus  electromotive-force  will  not 
appear  as  chemical  work,  for  no  more  of  the  ion  will  be 
liberated ;  but  it  will  appear  as  an  additional  quantity  of 
heat  (or  "local  heat'*)  developed  in  the  electrolytic  cell. 

(w.)  Ohm's  law  holds  good  for  electrolytic  conduction. 

{n,)  Amongst  the  secondary  actions  which  may  occur 
the  following  are  the  chief  :-r-(i.)  The  ions  may  them- 
selves decompose ;  as  SO4  into  SO,  +  O.  (2.)  The  ions 
may  react  on  the  electrodes ;  as  when  acidulated  water 
is  electrolysed  between  zinc  electrodes,  no  oxygen  being 
liberated,  owing  to  the  affinity  of  zinc  for  oxygen.  (3.) 
The  ions  may  be  liberated  in  an  abnormal  state.  Thus 
oxygen  is  frequently  liberated  in  its  allotropic  condition 
as  ozone,  particularly  when  permanganates  are  electro- 
lysed. The  "  nascent "  hydrogen  liberated  by  the  elec- 
trolysis of  dilute  acid  has  peculiarly  active  chemical 
properties.  So  also  the  metals  are  sometimes  deposited 
abnormally :  copper  in  a  black  pulverulent  film ;  anti- 
mony in  roundish  gray  masses  (firom  the  terchloride 
solution)  which  possess  a  curious  explosive  property,  etc 

418.  Hypotheses  of  Grotthuss  and  of  Olau- 
sius. — ^A  complete  theory  of  electrolysis  must  explain — 
firstly^  the  transfer  of  electricity,  and,  secondly^  the  transfer 
of  matter,  through  the  liquid  of  the  cell.  The  latter 
point  is  the  one  to  which  most  attention  has  been 
given,  since  the  "  migration  of  the  ions  "  (/.tf.  their  trans- 
fer through  the  liquid)  in  two  opposite  directions,  and 
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their  a.ppearance   at  the   electrodes   only,   are    salient 
facts. 

The  hypothesis  put  forward  in  1805  by  Grotthuss. 
serves  fairly,  when  stated  in  accordance  with  modem 
terms,  to  expla.in  these  facts.  Grotthuss  supposes  that, 
when  two  metal  plates  at  different  potentials  are  placed 
in  a  cell,  the  first  effect  produced  in  the  liquid  is  that 
the  molecules  of  the  liquid  arrange  themselves  in  in- 
numerable chains,  in  which  every  molecule  has  its 
constituent  atoms  pointing  in  a  certain  direction  ;  the 
atom  of  electropositive  substance  being  attracted  toward 
the  kathode,  and  the  fellow  atom  of  electronegative 
substance  being  attracted  toward  the  anode,  (This 
assumes  the  constituent  atoms  grouped  in  the  molecule 
to  retain  their  individual  elearic  properties.)  The 
diagram  of  Fig.  i  sB  shows,  in  the  case  of  Hydrochloric 


Fig.  15B. 

Acid,  a  row  of  molecules  I,  r,  at  first  distributed  at 
random,  and  secondly  (as  at  2,  2,)  grouped  in  a  chain 
as  described.  The  action  which  Grotthuss  then  sup- 
poses to  Cake  place  is  that  an  interchange  of  partners 
goes  on  between  the  separate  atoms  all  along  the  line, 
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each  H  atom  uniting  with  the  CI  atom  belonging  to  the 
neighbouring  molecule,  a  +  half  molecule  of  hydrogen 
being  liberated  at  the  kathode,  and  a  —  half  molecule 
of  chlorine  at  the  anode.  This  action  would  leave  the 
molecules  as  in  3,  3,  and  would,  when  repeated,  result 
in  a  double  migration  of  hydrogen  atoms  in  one  direc- 
tion and  of  chlorine  atoms  in  the  other,  the  free  atoms 
appearing  only  at  the  electrodes,  and  every  atom  so 
liberated  discharging  a  certain  definite  minute  charge  of 
electricity  upon  the  electrode  where  it  was  liberated. ^ 

Clausius  has  sought  to  bring  the  ideas  of  Grotthuss 
into  conformity  with  the  modem  kinetic  hypothesis  of 
the  constitution  of  liquids.  Accordingly,  we  are  to 
suppose  that  in  the  usual  state  of  a  liquid  the  molecules 
are  always  in  movement,  gliding  about  amongst  one 
another,  and  their  constituent  atoms  are  also  in  move- 
ment, and  are  continually  separating  and  recombining 
into  similar  groups,  their  movements  taking  place  in  all 
possible  directions  throughout  the  liquid.  But  under 
the  influence  of  an  electromotive-force  these  actions  are 
controlled  in  direction^  so  that  when,  in  the  course  of  the 
usual  movements,  an  atom  separates  from  a  group  it 
tends  to  move  either  toward  the  anode  or  kathode ; 
and  if  the  electromotive  force  in  question  be  powerful 
enough  to  prevent  recombination,  these  atoms  will  be 
permanently  separated,  and  will  accumulate  around  the 
electrodes.  This  theory  has  the  advantage  of  account- 
ing for  a  fact  easily  observed,  that  an  electromotive  force 
less  than  the  minimum  which  is  needed  to  effect  com- 
plete electrolysis  may  send  a  feeble  current  through  an 

1  Mr.  G.  J.  Stoney  has  lately  teckoned,  from  considerations  founded  on 
the  size  of  atoms  (as  calculated  hy  Loschmidt  and  Sir  W.  Thomson),  that 
for  every  chemical  bond  ruptured,  a  charge  of  lo — ^^  of  a  couhnnh  is  trans- 
ferred. This  quantity  would  appear  therefore  to  be  the  natural  atomic 
charge  or  unit  To  tear  one  atom  of  hydrogen  from  a  hydrogen  compound 
this  amount  of  electricity  must  be  sent  through  it.  To  liberate  an  atom  of 
zinc,  or  any  other  di-valent  metal  from  its  compound,  implies  the  transfer 
of  twice  this  amount  of  electricity. 
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electrolyte  for  a  limited  time,  until  the  opposing  electro- 
motive force  has  reached  an  equal  value.  Helmholtz, 
who  has  given  the  name  of  electrolytic  convection  to  this 
phenomenon  of  partial  electrolysis,  assumes  that  it  takes 
place  by  the  agency  of  uncombined  atoms  previously 
existing  in  the  liquid.  This  assiunption  is  virtually  in- 
cluded in  the  kinetic  hypothesis  of  Clausius. 

419r  Electrometallurgry. — The  application%of  elec- 
tro-chemistry to  the  industries  are  threefold.  Firstly^ 
to  the  reduction  of  metals  from  solutions  of  their  ores, 
a  process  too  costly  for  general  application,  but  one 
useful  in  the  accurate  assay  of  certain  ores,  as,  for 
example,  of  copper ;  secondly^  to  the  copying  of  types, 
plaster  casts,  and  metal -work  by  kathode  deposits  of 
metal ;  thirdly^  to  the  covering  of  objects  made  of  baser 
metal  with  a  thin  film  of  another  metal,  such  as  gold, 
silver,  or  nickel.  All  these  operations  are  included 
under  the  general  term  of  electrometallurgy, 

420.  Eleotrotyping. — In  1836  De  La  Rue  ob- 
served that  in  a  Daniell's  cell  the  copper  deposited  out 
of  the  solution  upon  the  copper  plate  which  served  as  a 
pole  took  the  exact  impress  of  the  plate,  even  to  the 
scratches  upon  it.  In  1839  Jacobi  in  St.  Petersburg, 
Spencer  in  Liverpool,  and  Jordan  in  London,  independ- 
ently developed  out  of  this  fact  a  method  of  obtaining, 
by  the  electrolysis  of  copper,  impressions  (in  reversed 
relief)  of  coins,  stereotype  plates,  and  ornaments.  A 
further  improvement,  due  to  Murray,  was  the  employment 
of  moulds  of  plaster  or  wax,  coated  with  a  film  of  plum- 
bago in  order  to  provide  a  conducting  surface  upon 
which  the  deposit  could  be  made.  Jacobi  gave  to  the 
process  the  name  of  galvano-piastic^  a  term  generally 
abandoned  in  favour  of  the  term  eleotrotypin^r  or 
electrotype  process. 

Electrotypes  of  copper  are  easily  made  by  hanging  a 
suitable  mould  in  cell  containing  a  saturated  solution  of 
sulphate  of  copper,  and  passing  a  current  of  a  battery 
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through  the  cell,  the  mould  being  the  kathode ;  a  plate 
of  copper  being  employed  as  an  anode,  dissolving  gradu- 
ally into  the  liquid  at  a  rate  exactly  equal  to  the  rate  of 
deposition  at  the  kathode.  This  use  of  a  separate 
battery  is  more  convenient  than  producing  the  electro- 
types in  the  actual  cell  of  a  DanielPs  battery.  The 
process  is  largely  employed  at  the  present  day  to  repro- 
duce repouss^  and  chased  ornament  and  other  works  of 
art  in  facsimile,  and  to  multiply  copies  of  wood  blocks 
for  printing.  Almost  all  the  illustrations  in  this  book, 
for  example,  are  printed  from  electrotype  copies,  and  not 
from  the  original  wood  blocks,  which  would  not  wear  so 
well 

42L  Eleotroplatin^r. — In  1801  Wollaston  observed 
that  a  piece  of  silver,  connected  with  a  more  positive 
metal,  became  coated  with  copper  when  put  into  a 
solution  of  copper.  In  1805  Brugnatelli  gilded  two 
silver  medals  by  making  them  the  kathodes  of  a  cell 
containing  a  solution  of  gold.  Messrs.  Elkington,  about 
the  year  1840,  introduced  the  commercial  processes  of 
electroplating.  In  these  processes  a  baser  metal,  such 
as  German  silver  (an  alloy  of  zinc,  copper,  and  nickel) 
is  covered  with  a  thin  film  of  silver  or  gold,  the  solutions 
employed  being,  for  electro -gildings  the  double  cyanide 
of  gold  and  potassium,  and  for  electro -silvering  the 
double  cyanide  of  silver  and  potassium. 

Fig.  159  shows  a  battery  and  a  plating-vat  containing 
the  silver  solution.  From  the  anode  is  hung  a  plate  of 
metallic  silver  which  dissolves  into  the  liquid.  To  the 
kathode  are  suspended  the  spoons,  forks,  or  other 
articles  which  are  to  receive  a  coating  of  silver.  The 
addition  of  a  minute  trace  of  bisulphide  of  carbon  to  the 
solution  causes  the  deposited  metal  to  have  a  bright 
surface.  If  the  current  is  too  strong,  and  the  deposition 
too  rapid,  the  deposited  metal  is  grayish  and  crystalline. 

In  silvering  or  gilding  objects  of  iron  it  is  usual  first 
to  plate  them  with  a  thin  coating  of  copper.     In  gilding 
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base  metals,  such  as  pewter,  they  are  usually  first 
copper-coaled.  The  gilding  of  the  insides  of  jugs  and 
cups  is  effected  by  filling  the  jug  or  cup  with  the  gilding 
solution,  and  suspending  in  it  an  anode  of  gold,  the  vessel 
itself  being  connected  to  the  —  pole  of  the  battery. 


Instead  of  a  battery  a  thenno-elearic  generator  (Art. 
384),  or  a  dynamo-electric  generator  (Art.  408),  is  now 
frequently  employed. 

^IZ.  MetaJlo-ohromy. — In  1826  Nobili  discovered  that  when 
a  solution  of  lead  is  electroij'sed  a  film  of  peroxide  of  lead  forms 
ufi^n  lie  atuidi.  If  this  be  a  sheet  of  metal, — a  plate  of 
polished  steel,  for  instance, — placed  bomonially  in  the  liquid 
beneath  a  platinum  wire  as  a  kathode,  the  deposit  takes  place 
in  ^mmetiical  rings  of  vaiying  thickness,  the  thickest  depodt 
being  at  the  centre.  These  rings,  known  aa  Nobili'B  ringe, 
exhibit  all  the  tints  of  the  raintmw,  owing  to  interference  of 
the  waves  of  light  occurring  in  the  film  causing  rays  of  difTerent 
wave-length  and  colour  lo  be  suppressed  at  different  distances 
from  the  centre.  The  colours  fom,  in  fact,  in  reversed  order, 
the  "colours  of  thin  plates"  of  Newton's  rings.  According 
to  Wagner  this  production  of  chromatic  effects  t^  electrolysing 
a  sotutioD  of  lead  in  caustic  soda,  is  applied  in  Nuremberg  to 
ornament  metallic  toys.  The  author  of  these  Lessons  has 
observed  that  when   Nobili's  rings  are  made   in  a  magnetic 
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field  they  are  no  longer  drctilar,  the  depositing  currents  being 
drawn  aside  in  a  manner  which  could  be  predicted  from  the 
observed  action  of  magnets  on  conductors  carrying  currents. 

422  {dis).  Electro  -  Chemical  Power  of  Metals.— The 
following  Table  gives  the  electromotive -force  of  the  different 
metals  as  calculated  by  the  method  of  Art.  414  from  their 
electro  -  chemical  equivalents  (Art.  212),  and  from  the  heat 
evolved  by  the  combination  with  oxygen  of  a  portion  of  the 
metal  equivalent  electro-chemically  in  amount  to  one  gramme 
of  hydrogen.  The  electromotive -forces  (in  volts)  as  observed 
(in  dilute  sulphuric  acid)  are  added  for  comparison. 


Heat  of 

E.  M.  F.  < 

:alculated. 

E.  M.  F. 

Substance. 

Equivalent. 

Relatively 
to  Oxygen. 

Relatively 
to  Zinc. 

observed. 

Potassium     .     . 

69,800 

301 

+  118 

+  i'i3 

Sodium    .     , 

67,800 

2*91 

+  109 

1  •  • 

Zinc     .     .     . 

42,700 

1*83 

O* 

o* 

Iron    .     .     . 

34,120 

1*55 

-028 

•  •  « 

Hydrc^en 

34,000 

1-47 

-0-36 

•  •  • 

Lead   .     .     . 

25,100 

1*12 

-071 

-0-54 

Copper    .     . 

18,760 

•80 

-I  08 

-I-047 

Silver  .     . 

9,000 

•39 

-1-44 

•  •  • 

Platinum .     . 

7,500 

•33 

-I '50 

-1-53 

Carbon    . 

2,000 

•09 

-174 

•  •  • 

Oxygen    . 

0 

O* 

-1-83 

-1*85 

(Nitric  Acid) 

-    6,000 

-026 

-209 

-1-94 

(Black  Oxide  of 
Manganese) 

-    6,500 

-029 

-2*12 

-223 

(Peroxide  of  Lead] 

)  -12,150 

-  0*52 

-2*35 

-2*52 

(Ozone)     .     .     . 

-14,800 

-063 

-2 '46 

-2-64 

The  order  in  which  these  metals  are  arranged  is  in  fact  nothing  else  than 
the  order  of  oxidisability  of  the  metals  (in  the  presence  of  dilute  sulphuric 
acid) ;  for  that  metal  tends  most  to  oxidise  which  can,  by  oxidising,  give  out 
the  most  energy.  It  also  shows  the  order  in  which  the  metals  stand  in  their 
power  to  replace  one  another  (in  a  solution  containing  sulphuric  acid.)  In 
this  order  too,  the  lowest  on  the  list  first,  are  the  metals  deposited  by  an 
electric  current  from  solutions  containing  two  or  more  of  them:  for  that 
metal  comes  down  first  which  requires  the  least  expenditure  of  energy  to 
separate  it  from  the  elements  with  which  it  was  combined. 
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CHAPTER   XXL 

Telegraphs  and  Telephones. 

Lesson  XXXIX,— Electric  Telegraphs. 

423.  The  Electric  Telegraph. — It  is  difficult  to  assign  the 
invention  of  the  Telegraph  to  any  particular  inventor.  Lesage 
(Geneva,  1774),  Lomond  (Paris,  1787),  and  Sir  F.  Ronalds 
(London,  1 81 6),  invented  systems  for  transmitting  signals 
through  wires  by  observing  at  one  end  the  divei^ence  of  a  pair 
of  pith-balls  when  a  charge  of  electricity  was  sent  into  the  other 
end.  Cavallo  (London,  1795)  transmitted  sparks  from  Leyden 
jars  through  wires  "according  to  a  settled  plan."  Soemmering 
(Munich,  1808)  established  a  telegraph  in  which  the  signals 
were  made  by  the  decomposition  of  water  in  voltameters  ;  and 
the  transmission  of  signals  by  the  chemical  decomposition  of 
substances  was  attempted  by  Coxe,  R.  Smith,  Bain,  and  others. 
Amp^e  (Paris,  1821)  suggested  that  a  galvanometer  placed  at 
a  distant  point  of  a  circuit  might  serve  for  the  transmission  of 
signals.  Schilling  and  Weber  (Gottingen,  1833)  employed  the 
deflections  of  a  galvanometer  needle  moving  to  right  or  left  to 
signal  an  alphabetic  code  of  letters  upon  a  single  circuit. 
Cooke  and  Wheatstone  (London,  1837)  brought  into  practical 
application  the  first  form  of  their  needle  telegraph.  Henry 
(New  York,  1831)  utilised  the  attraction  of  an  electromagnet 
to  transmit  signals,  the  movement  of  the  armature  producing 
audible  soimds  according  to  a  certain  code.  Morse  (New  York, 
1837)  devised  a  telegraph  in  which  the  attraction  of  an  arma- 
ture by  an  electromagnet  was  made  to  mark  a  dot  or  a  dash 
upon  a  moving  strip  of  paper.  Steinheil  (Munich,  1837) 
discovered  that  instead  of  a  return-wire  the  earth  might  be  used^ 
contact  being  made  to  earth  at  the  two  ends  by  means  of  earth- 

2  D 
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plates  (see  Fig.  i6o)  suxik  in  the  ground.  Ginll  (1853)  and 
Steams  (New  York,  1870)  devised  methods  of  rfH/Zer  signalling. 
Stalk  (Vienna)  and  Bosscha  (Leyden,  1855)  invented  dtfilex 
signalling,  and  Edison  (Newark,  N.  J.,  1874)  invented  guad- 
ruplix  telegraphy.  For  fast-speed  work  Wheatstone  devised  his 
automatic  transmitter,  in  which  the  signs  which  represent  the 
letters  arc  first  punched  by  machinery  on  strips  of  paper ;  these 
are  then  run  at  a  great  speed  through  the  transmitting  instru- 
ment, which  telegraphs  them  off  at  a  much  greater  rate  than  if 
the  separate  signals  were  telegraphed  by  hand.  Hughes  devised 
a  ty]>e -printing  telegraph.  Wheatstone  invented  an  ABC  tele- 
graph in  which  signals  are  spelled  by  a  hand  which  moves  over 
a  dial.  For  cable-working  Sir  W.  Thomson  invented  his  mirror 
galvanometer  and  his  delicate  siphon- recorder.  It  is  impossible 
in  these  Lessons  to  describe  more  than  one  or  two  of  the 
simpler  and  more  frequent  forms  of  telegraphic  mstruments. 
Students  desiring  further  information  should  consult  (he  excel- 
lent manuals  on  Telegraphy  by  Messrs.  Preece  and  Sivewright, 
and  by  Mr.  Culley. 

424.  Single -Needle     Instrument.^ — The    single- 
needle  instrument  (Fig.   160)  consists  essentially  of  a 
vertical    galvan- 

a     lightly   hung 

magnetic  needle 

is    deflected    to 

right    or    left 

when  a  current 

is  sent,  in   one 

'  direction  or  the 

other,   around  a 

,  coil  surrounding 

C .  the  needle ;  the 

needle  visible  in 

front  of  the  dial 

"«  '^-  is  bat  an  index, 

the   real   magnetic    needle   being   behind.     A  code  of 

movements  agreed  upon  comprises  the  whole  alphabet 

in  combinations  of  motions  to  right  or  left.     In  order 
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to  send  currents  in  either  direction  through  the  circuit, 
a.  *' signalling -key "  or  "tapper"  is  usually  employed. 
The  tapper  at  one  end  of  the  line  works  the  instru- 
ment  at  the  other ;  but  for  the  sake  of  convenience  it 
is  fixed  to  the  receiving  instrument.  In  Fig.  160  the 
two  protruding  levers  at  the  base  form  the  tapper,  and 
by  depressing  the  right  hand  one  or  the  lefl  hand  one, 
currents  are  sent  in  either  direction  at  will. 

The  principle  of  action  will  be   made  more   clear  by 
reference  to  Fig.  161,  which  shows  a  separate  signalling 
key.     The  two 
horizontal    levers 
are    respectively 


"line,"  and  with 

through  "earth," 

When  not  in  use 

they  both  spring  Flg_ ,(,, 

up  against  across 

strip  of  metal  joined  to  the  zinc  pole  of  the  battery. 

Below  them  is  another  cross  strip,  which  communicates 

with   the    copper   (or    + )   pole   of  the   battery.      On 

depressing  the  "  line  "  key  the  current  runs  through  the 

line   and   back   by  earth,   or   in   the  j)ositi've  direction. 

On  depressing  the  "  earth  "  key  (the  line  key  remaining 

in   contact  with  the  zinc-connected  strip),  the   current 

runs  through  the  earth  and  back  by  the  line,  or  in  the 

negative  direction.     Telegraphists    ordinarily  speak   of 

these  as  positive  and  negative  currents  respectively. 

As  it  is  necessary  that  a  line  should  be  capable  of 
being  worked  from  either  end,  a  battery  is  used  at  each, 
and  the  wires  so  connected  that  when  at  either  end  a 
message  is  being  received,  the  battery  circuit  at  that  end 
shall  be  open.  Fig.  162  shows  the  simplest  possible 
case  of  such  an  airangement     At  one  end  is  a  battery 
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zc,  one  pole  of  which  is  put  to  earth,  and  the  other  com- 
municates with  a  key  K.  This  key  is  arranged  (like  that 
in  Fig.  164),  so  that  when  it  is  depressed,  so  as  to  send 
a  signal  through  the  line,  it  quits  contact  with  the 
receiving  instrument  at  its  own  end.  The  current 
flowing  through  the  line  passes  through  K'  and  enters  a 


Fig.  162. 

receiving  instrument  G'  at  the  distant  end,  where  it  pro- 
duces a  signal,  and  returns  by  the  earth  to  the  battery 
whence  it  started.  A  similar  battery  and  key  at  the 
distant  end  suffice  to  transmit  signals  in  the  opposite 
direction  to  G  when  K  is  not  depressed.  The  diagram 
is  drawn  as  if  G  were  a  simple  galvanometer ;  but  the 
arrangement  would  perfectly  suit  the  Morse  instrument, 
in  which  it  is  only  required  at  either  end  to  send  long 
and  short  currents  without  reversing  the  direction. 

426.  The  Morse  Instrument. — The  most  widely 
used  instrument  at  the  present  day  is  the  Morse.  The 
Morse  instrument  consists  essentially  of  an  electro- 
magnet, which,  when  a  current  passes  through  its  coils, 
draws  down  an  armature  for  a  short  or  a  long  time. 
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It  may  either  be  arranged  as  a  ^^  sounder ^^  in  which 
case  the  operator  who  is  receiving  the  message  listens 
to  the  clicks  and  notices  whether  the  intervals  between 
them  are  long  or  short;  or  it  may  be  arranged  as  an 
"  embosser i^  to  print  dots  and  dashes  upon  a  strip  of  paper 
drawn  by  clockwork  through  the  instrument.  In  the 
most  modern  form,  however,  the  Morse  instrument  is 
arranged  as  an  ^^  ink^writer^^  in  which  the  attraction  of 
the  armature  downwards  lifits  a  little  inky  wheel  and 
pushes  it  against  a  ribbon  of  paper.  If  the  current  is 
momentary  it  prints  a  mere  dot.  If  the  current  con- 
tinues to  flow  for  a  longer  time  the  ribbon  of  paper  moves 
on  and  the  ink-wheel  marks  a  dash.  The  Morse  code, 
or  alphabet  of  dots  and  dashes,  is  as  follows  : — 

A  .  —  K  —  .  — .  U  .  .  — 

•  •   •C(— ,  —  ."Jki'^i^M W. 

D  —.  .    ■"  *  N  — .  X  —  .  .  — 

E  .  0( >  •  Y  —  . 

«  —  '  F  .  .  —  •  P^, .j«-«**  Z .  . 

G .  Q .  —      Full  stop 

H  .   .  .  .  R  .  —  ,  Repetition  .  . .  . 

I    .  .                    S   .  .  .                Hyphen  —  ....  — 
—  .  —  'J   . T  —  Apostrophe  . . 

426.  Belay. — In  working  over  long  lines,  or  where 
there  are  a  number  of  instruments  on  one  circuit,  the 
currents  are  often  not  strong  enough  to  work  the 
recording  instrument  directly.  In  such  a  case  there  is 
interposed  a  relay  or  repeater.  This  instrument  con- 
.  sists  of  an  electromagnet  round  which  the  line  current 
flows,  and  whose  delicately  poised  armature,  when 
attracted,  makes  contact  for  a  local  circuit  in  which  a 
local  battery  and  the  receiving  Morse  instrument  are 
included.  The  principle  of  the  relay  is,  then,  that  a 
current  too  weak  to  do  the  work  itself  may  set  a  strong 
local  current  to  do  its  work  for  it. 
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In  Fig.  163  is  shown  a  Morse  instrument  (an  "etn- 
bosser  ")  M,  joined  in  circuit  with  a  local  battery  B,  and 


r«  163. 

a  relay.  Whenever  a  current  in  the  line  circuit  moves 
the  tongue  of  the  relay  it  closes  the  local  circuit,  and 
causes  the  Morse  to  record  either  a  dot  or  a  dash  upon 
the  strip  of  paper.     The  key  K  is  shown  in  an  enlarged 


view  in  Fig,  164.  The  line  wire  is  connected  with  the 
central  pivot  A.  A  spring/keeps  the  front  end  of  the 
key  elevated  when  not  in  use,  so  that  the  line  wire  is  in 
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communication  through  the  rear  end  of  the  key  with  the 
relay  or  receiving  instrument.  Depressing  the  key  breaks 
this  communication,  and  by  putting  the  line  wire  in  com- 
munication with  the  main  battery  transmits  a  current 
through  the  line. 

427.  Faults  in  Tele^rraph  Linea — Faults  may 
occur  in  telegraph  lines  from,  several  causes :  either  from 
the  breakage  of  the  wires  or  conductors,  or  from  the 
breakage  of  the  insulators,  thereby  short-circuiting  the 
ciurent  through  the  earth  before  it  reaches  the  distant 
station,  or,  as  in  overhead  wires,  by  two  conducting 
wires  touching  one  another.  Various  modes  for  testing 
the  existence  and  position  of  faults  are  known  to  telegraph 
engineers ;  they  depend  upon  accurate  measurements  of 
resistance  or  of  capacity.  Thus,  if  a  telegraph  cable  part 
in  mid-ocean  it  is  possible  to  calculate  the  distance  from 
the  shore  end  to  the  broken  end  by  comparing  the  resist* 
ance  that  the  cable  is  known  to  offer  per  mile  with  the 
resistance  offered  by  the  length  up  to  the  fault,  and  divid- 
ing the  latter  by  the  former. 

428.  Duplex  Telegraphy. — There  are  two  distinct 
methods  of  arranging  telegraphic  apparatus  so  as  to 
transmit  two  messages  through  one  wire,  one  from  each 
end,  at  the  same  time.  The  first  of  these,  known  as 
the  differential  method^  involves  the  use  of  instruments 
wound  with  differential  coils,  and  is  applicable  to  special 
cases.  The  second  method  of  duplex  working,  known 
as  the  Wheatstonis  Bridge  Method^  is  capable  of  much 
more  general  application.  The  diagram  of  Fig.  165 
will  explain  the  general  principle.  The  first  require- 
ment in  duplex  working  is  that  the  instrument  at  each 
end  shall  only  move  in  response  to  signals  from  the 
other  end,  so  that  an  operator  at  R  may  be  able  to 
signal  to  the  distant  instrument  M'  without  his  own 
instrument  M  being  affected,  M  being  all  the  while  in 
circuit  and  able  to  receive  signals  from  the  distant 
operator    at   R',      To    accomplish   this   the   circuit   is 
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divided  at  R  into  two  branches,  which  go,  by  A  and 
B  respectively,  the  one  to  the  line,  the  other  through 
a  certain  resistance  P  to  the  earth.  If  the  ratio 
between  the  resistances  in  the  arms  RA  and  RB  is 
equal  to  the  ratio  of  the  resistances  of  the  line  and  of 
P,  then,  by  the  principle  of  Wheatstone's  Bridge,  no 
current  will  pass  through  M.  So  M  does  not  show  any 
currents  sent  from  R ;  but  M'  will  show  them,  for  the 
current  on  arriving  at  C  will  divide  into  two  parts,  part 
flowing  round  to  the  earth  by  R',  the  other  part  flowing 


Fig.  165. 

through  M'  and  producing  a  signal.  If,  while  this  is 
going  on,  the  operator  at  the  distant  R'  depresses  his 
key  and  sends  an  equal  current  in  the  opposite  direction, 
the  flow  through  the  line  will  cease;  but  M  will  now 
show  a  signal,  because,  although  no  current  flows 
through  the  line,  the  current  in  the  branch  RA  will 
now  flow  down  through  M,  as  if  it  had  come  from  the 
distant  R',  so,  whether  the  operator  at  R  be  signalling 
or  not,  M  will  respond  to  signals  sent  from  R'. 

The  Diplex  method  of  working  consists  in  sending 
two  messages  at  once  through  a  wire  in  the  same  direc- 
tion. To  do  this  it  is  needful  to  employ  instruments 
which  work  only  with  currents  in  one  given  direction. 
The  method  involves  the  use  of  "  relays  "  in  which  the 
armatures  are  themselves  permanently  magnetised  (or 
"polarised"),  and  which  therefore  respond  only  to 
currents  in  one  direction. 

The  Quadruples  method  of  working  combines  the 
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duplex  and  the  diplex  methods.  On  one  and  the  same 
line  a.re  used  two  sets  of  instruments,  one  of  which 
(worked  by  a  "  polarised  "  relay)  works  only  when  the 
direction  of  the  current  is  changed,  the  other  of  which 
(worked  by  a  non-polarised  relay  adjusted  with  springs 
to  move  only  with  a  certain  minimum  force)  works  only 
when  the  strength  of  the  current  is  changed  and  is  inde- 
pendent of  their  direction. 
429.  Sabmarine  Telegraphy. — Telegraphic  com- 


_Rg.rf6. 

munlcation  between  two  countries  separated  by  a  strait 
or  ocean  is  carried  on  through  cables,   sunk  to  the 
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bottom  of  the  sea,  which  carry  conducting  wires  care- 
fully protected  by  an  outer  sheath  of  insulating  and 
protecting  materials.  The  conductor  is  usually  of  purest 
copper  wire,  weighing  from  70  to  400  lbs.  per  nauti- 
cal mile,  made  in  a  sevenfold  strand  to  lessen  risk 
of  breaking.  Fig.  166  shows,  in  their  natural  size, 
portions  of  the  Atlantic  cables  laid  in  1857  and  1866 
respectively.  In  the  latter  cable,  which  is  of  the  usual 
type  of  cable  for  long  lines,  the  core  is  protected  first  by 
a  stout  layer  of  guttapercha,  then  by  a  woven  coating  of 
jute,  and  outside  all  an  external  sheath  made  of  ten  iron 
wires,  each  covered  with  hemp.  The  shore  ends  are  even 
more  strongly  protected  by  external  wires. 

430.  Speed  of  Sigrnallingr  through  Cables. — 
Signals  transmitted  through  long  cables  are  retarded,  the 
retardation  being  due  to  two  causes. 

Firstly^  The  self-induction  of  the  circuit  may  prevent 
the  current  from  rising  at  once  to  its  height,  the  retarda- 
tion being  expressed  by  Helmholtz's  equations,  given  in 
Art.  405. 

Secondly^  The  cable  in  its  insulating  sheath,  when 
immersed  in  water,  acts  like  a  Leyden  jar  of  enormous 
capacity  (as  explained  in  Art.  274),  and  the  first  portions 
of  the  current,  instead  of  flowing  through,  remain  in  the 
cable  as  an  electrostatic  charge.  For  every  separate 
signal  the  cable  must  be  at  least  partially  charged  and 
then  discharged.  Culley  states  that  when  a  current  is 
sent  through  an  Atlantic  cable  from  Ireland  to  New- 
foundland no  effect  is  produced  on  the  most  delicate 
instrument  at  the  receiving  end  for  two-tenths  of  a 
second,  and  that  it  requires  three  seconds  for  the  current 
to  gain  its  full  strength,  rising  in  an  electric  wave  which 
travels  forward  through  the  cable.  The  strength  of  the 
current  falls  gradually  also  when  the  circuit  is  broken. 
The  greater  part  of  this  retardation  is  due  to  electrostatic 
charge,  not  to  electromagnetic  self-induction ;  the  re- 
tardation being  proportional  to  the  square  of  the  length 


€HAP.  xii.]   ELECTRICITY  AND  MAGNETISM.         411 

of  the  cabliB.     The  various  means  adopted  to  get  rid  of 
this  retardation  are  explained  in  Art.  275. 

431.  Beoeivlngr  Instruments  for  Cables. — The 
mirror-gaivanometer  of  Sir  W.  Thomson  (Art.  202)  was 
devised  for  cable  signalling,  the  movements  of  the  spot 
of  light  sweeping  over  the  scale  to  a  short  or  a  long 
distance  sufficing  to  signal  the  dots  and  dashes  of  the 
Morse  code.  The  Siphon  Recorder  of  Sir  W.  Thomson 
is  an  instrument  which  writes  the  signals  upon  a  strip  of 
paper  by  the  following  ingenious  means : — The  needle 
part  of  a  powerful  and  sensitive  galvanometer  is  replaced 
by  a  fine  siphon  of  glass  suspended  by  a  silk  fibre,  one 
end  of  which  dips  into  an  ink  vessel.  The  ink  is  spurted 
without  friction  upon  a  strip  of  paper  (moved  by  clock- 
work vertically  past  the  siphon),  the  spurting  being 
accomplished  electrically  by  charging  the  ink  vessel  by 
a  continuous  electrophorus,  which  is  itself  worked  by  a 
small  electromagnetic  engine. 

Lesson  XL. — Electric  Bells^  Clocks^  and  Telephones, 

432.  Eleotrio  Bells. — The  common  form  of  Electric 
Bell  or  Trembler  consists  of  an  electromagnet,  which 
moves  a  hammer  backward  and  forward  by  alternately 
attracting  and  releasing  it,  so  that  it  beats  against  a  bell. 
The  arrangements  of  the  instrument  are  shown  in  Fig. 
167,  in  which  E  is  the  electromagnet  and  H  the  hammer. 
A  battery,  consisting  of  one  or  two  Leclanch^  cells  placed 
at  some  convenient  point  of  the  circuit,  provides  a  current 
when  required.  By  touching  the  "  push  "  P,  the  circuit 
is  completed,  and  a  current  flows  along  the  line  and 
round  the  coils  of  the  electromagnet,  which  forthwith 
attracts  a  small  piece  of  soft  iron  attached  to  the  lever, 
which  terminates  in  the  hammer  H.  The  lever  is  itself 
included  in  the  circuit,  the  current  entering  it  above  and 
quitting  it  at  C  by  a  contact-breaker,  consisting  of  a 
spring  tipped  with  platinum  resting  against  the  platinum 
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tip  of  a  screw,  irom  which  a  return  wire  passes  back  to 
the  zinc  pole  of  the  battery.  As  soon  as  the  lever  is 
attracted  forward  the  circuit  is  broken  at  C  by  the  spring 
moving  away  from  contact  with  the  screw  j  hence  the 
current  stops,  and  the  electromagnet  ceases  to  attract  the 
armature.     The  lever  and  hammer  therefore  fall  back, 


F[g.  ,67. 

again  establishing  contact  at  C,  whereupon  the  hammer 
is  once  more  attracted  forward,  and  so  on.  The  puati 
P  is  shown  in  section  on  the  right  of  Fig.  167.  It 
usually  consists  of  a  cylindrical  knob  of  ivory  or  porcelain 
capable  of  moving  loosely  through  a  hole  in  a  circular 
support  of  porcelain  or  wood,  and  which,  when  pressed, 
forces  a  platinum-tipped  spring  against  a  metal  pin,  and 
so  makes  electrical  contact  between  the  two  parts  of  the 
interrupted  circuit. 

433.  Electric  Olooke. — Clocks  may  be  either  driven 
or  controlled  by  electric  currents.  Bain,  Hipp,  and 
others,  have  devised  electric  clocks  of  the  first  kind,  in 
which  the  ordinary  motive  power  of  a  weight  or  spring  is 
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abandoned,  the  dock  being  driven  by  its  pendulum,  the 
"  bob  "  of  which  is  an  electromagnet  alternately  attracted 
from  side  to  side.  The  difficulty  of  maintaining  a  perfectly 
constant  battery  current  has  prevented  such  docks  from 
coming  into  use. 

Electrically  controlled  docks,  governed  by  a  standard 
central  dock,  have  proved  a  more  fruitful  invention.  In 
these  the  standard  timekeeper  is  constructed  so  as  to 
complete  a  circuit  periodically,  once  every  minute  or  half 
minute.  The  transmitted  currents  set  in  movement  the 
hands  of  a  system  of  dials  placed  at  distant  points,  by 
causing  an  dectromagnet  placed  behind  each  dial  to 
attract  an  armature,  which,  acting  upon  a  ratchet  wheel 
by  a  pawl,  causes  it  to  move  forward  through  one  tooth 
at  each  specified  interval,  and  so  carries  the  hands  roimd 
at  the  same  rate  as  those  of  the  standard  dock. 

Electric  chronographs  are  used  for  measuring  very  small  in- 
tervals of  time.  A  style  fixed  to  the  armature  of  an  electro- 
magnet traces  a  line  upon  a  piece  of  paper  fixed  to  a  cylinder 
revolving  by  dockwork.  A  current  sent  through  the  coils  of 
the  electromagnet  moves  the  armature  and  causes  a  lateral  notch 
in  the  line  so  traced.  Two  currents  are  marked  by  two  notches  ; 
and  from  the  interval  of  space  between  the  two  notches  the  in- 
terval of  time  which  elapsed  between  the  two  currents  may  be 
calculated  to  the  ten-thousandth  part  of  a  second  if  the  speed 
of  rotation  is  accurately  known.  The  velocity  with  which  a 
cannon  ball  moves  along  the  bore  of  the  cannon  can  be  measured 
thus. 

434.  Bleotrio  Telephonea — The  first  successful 
attempt  to  transmit  sounds  electrically  was  made  in 
1 86 1  by  Reis,  who  succeeded  in  conveying  musical  and 
other  tones  by  an  imperfect  telephone.  In  this  instru- 
ment the  voice  was  caused  to  act  upon  a  point  of  loose 
contact  in  an  electric  circuit,  and  by  bringing  those  parts 
into  greater  or  less  intimacy  of  contact  (Art.  346),  thereby 
varied  the  resistance  offered  to  the  circuit.  The  trans- 
mitting part  of  Reis*s  telephone  consisted  of  a  battery 
and  a  contact-breaker,  the  latter  being  formed  of  a  tym- 
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panum  or  diaphragm  of  stretched  membrane,  capable  of 
taking  up  sonorous  vibrations,  and  having  attached  to 
it  a  thin  elastic  strip  of  platinum,  which,  as  it  vibrated, 
beat  to  and  fro  against  the  tip  of  a  platinum  wire,  so 
making  and  breaking  contact  wholly  or  partially  at  each 
vibration  in  exactly  the  same  manner  as  is  done  with  the 
carbon  contacts  in  the  modem  transmitters  of  Blake, 
Berliner,   etc      The  receiving  pai:t  of  the   instrument 
consisted  of  an  iron  wire  fixed  upon  a  sounding-board 
and  surrounded  by  a  coil  of  insulated  wire  forming  part 
of  the  circuit.      The  rapid  magnetisation  and  demag'- 
netisation  of  such  an  iron   core  will  produce  audible 
sounds  (Art    113),   which,   since  the  pitch  of  a  note 
depends  only  on  the  frequency  and  not  on  the  form  or 
amplitude  of  the  vibrations,  will  reproduce  the  pitch  of  a 
note  sung  into  the  transmitting  part.     If  the  current  vary 
less  abruptly,  the  iron  wire  is  partially  magnetised  and 
demagnetised,  giving  rise  in  turn  to  vibrations  of  varying 
amplitudes  and  forms ;   hence  such  a  wire  will  serve 
perfectly  as  a  receiver  to  reproduce  speech  if  a  good 
transmitter  is  used.      Reis  himself  transmitted  speech 
with  his  instrument,  but  only  imperfectly,  for  all  tones 
of  speech  cannot  be  transmitted  by  abrupt  interruptions 
of  the  current,  to  which  Reis*s  transmitter  is  prone  when 
spoken  into,  owing  to  the  extreme  lightness  of  the  con- 
tact :  they  require  gentle  undulations,  sometimes  simple, 
sometimes  complex,  according  to  the  nature  of  the  sound. 
The  vowel  sounds  are  produced  by  periodic  and  complex 
movements  in  the  air ;  the  consonants  being  for  the  most 
part  non-periodic.     If  the  parts  in  contact  be  not  too 
light,  and  speech  be  not  too  loud,  Reis's   transmitter 
works  fairly  as  a  transmitter,  the  platinum  contacts  when 
clean  serving  as  a  satisfactory  current-regulator  to  vary 
the  current  in  proportion  to  the  vibrations  of  the  voice. 

Reis  also  devised  a  second  receiver,  in  which  an  electro-magnet 
attracted  an  elastically-supported  armature  of  iron,  which  vibrated 
under  the  attraction  of  the  more  or  less  interrupted  current. 
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436.  Graham  Bell'B  Telephona — In  1876  Graham 
Bell  invented  the  magneto-telephone.     In  this  instrument 
the  speaker  talks  to  an  elastic  plate  of  thin  sheet  iron, 
which  vibrates  and  transmits  its  every  movement  electric- 
ally to  a  similar  plate  in  a  similar  telephone  at  a  distant 
station,  causing  it  to  vibrate  in  an  identical  manner,  and 
therefore  to  emit  identical  sounds.      The  transmission  of 
the  vibrations  depends   upon  the  principles  of  magneto- 
electric  induction  explained  in  Lesson  XXXVI.     Fig. 
168    shows    Bell's    Tele- 
phone in  its  latest  form, 
and  its  internal  parts  in 
section.     The  disc  D  is 
placed  behind  a  conical 
mouthpiece,  to  which  the 
speaker  places  his  mouth 
or   the  hearer    his    ear. 
Behind  the  disc  is  a  mag- 
net AA  running  the  length  , 
of   the   instrument ;    and  I 
upon  its  front  pole,  which  | 
nearly  touches  the  disc,  p.    ^^g  , 

is  fixed  a  small  bobbin,  "" 

on  which  is  wound  a  coil  C  of  fine  insulated  wire,  the 
ends  of  the  coil  being  connected  with  the  terminal  screws 
F  F.  One  such  instrument  is  used  to  transmit,  and  one 
to  receive,  the  sounds,  the  two  telephones  being  con- 
nected in  simple  circuit.  No  battery  is  needed,  for  the 
transmitting  instrument  itself  generates  the  induced 
currents  as  follows ;  The  magnet  AA  induces  a  certain 
number  of  iines-of-force  through  the  coil  C.  Many  of 
these  pass  into  the  iron  disc  When  the  iron  disc  in 
vibrating  moves  towards  the  magnet-pole,  more  lines-of 
force  meet  it ;  when  it  recedes,  fewer  Iines-of-force  meet 
it  Its  motion  to  and  fro  will  therefore  alter  the  number 
of  Unes-of-farce  which  pass  through  the  hollow  of  the  coil 
C,  and  will  therefore  (Art.  394)  generate  in  the  wire  of 
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the  coils  currents  whose  strength  is  proportional  to  the 
rate  of  change  in  the  number  of  the  lines-of-force  which 
pass  through  the  coil.  BelPs  telephone,  when  used  as 
a  transmitter,  may  therefore  be  regarded  as  a  sort  of 
magneto-electric  generator,  which,  '^by  vibrating  to  and 
fro,  pumps  currents  in  alternate  directions  into  the  wire. 
At  the  distant  end  the  currents  as  they  arrive  flow  round 
the  coils  either  in  one  direction  or  the  other,  and  there- 
fore either  add  momentarily  to  or  take  from  the  strength 
of  the  magnet.  When  the  current  in  the  coils  is  in  si;ch 
a  direction  as  to  reinforce  the  magnet,  the  magnet  attracts 
the  iron  disc  in  front  of  it  more  strongly  than  before.  If 
the  current  is  in  the  opposite  direction  the  disc  is  less 
attracted  and  flies  back.  Hence,  whatever  movement  is 
imparted  to  the  disc  of  the  transmitting  telephone,  the 
disc  of  the  distant  receiving  telephone  is  forced  to  repeat, 
and  it  therefore  throws  the  air  into  similar  vibrations, 
and  so  reproduces  the  sound.  BelPs  Telephone,  used 
as  a  receiver,  differs  only  from  the  second  receiver  of 
Reis  in  having  as  its  armature  a  thin  elastic  iron  plate 
instead  of  an  iron  bar  oscillating  on  an  elastic  support, 
and  in  having  its  central  magnet  of  steel  instead  of 
iron. 

436.  Edison's  Telephone. — Edison  constructed  a 
telephone  for  transmitting  speech,  in  which  the  vibrations 
of  the  voice,  actuating  a  diaphragm  of  mica,  made  it 
exert  more  or  less  compression  on  a  button  of  prepared 
lamp-black  placed  in  the  circuit.  The  resistance  of  this 
is  affected  by  pressure  of  contacts ;  hence  the  varying 
pressures  due  to  the  vibrations  cause  the  button  to  offer 
a  varying  resistance  to  any  current  flowing  (from  a  battery) 
in  the  circuit,  and  vary  its  strength  accordingly.  This 
varying  current  may  be  received  as  before  in  an  electro- 
magnetic receiver  of  the  type  described  above,  and  there 
set  up  corresponding  vibrations.  Edison  has  also  in- 
vented a  Telephone  Receiver  of  singular  power,  which 
depends  upon  a  curious  fact  discovered  by  himself,  namely, 
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that  if  a  platinum  point  presses  against  a  rotating  cylinder 
of  moist  chalk,  the  ftiction  is  reduced  when  a  current 
passes  between  the  two.  And  if  the  point  be  attached 
to  an  elastic  disc,  the  latter  is  thrown  into  vibrations 
corresponding  to  the  fluctuating  currents  coming  from 
the  speaker's  transmitting  ii 


43a  (iis).  Dol1»ar'8  Telephone. — Telephone  Re- 
ceivers have  also  been  invented  by  Varley  and  Dolbear, 
in  which  the  attraction  between  the  oppositely-electrified 
armatures  of  a  condenser  is  utilised. in  the  production  of 
sounds.  The  transmitter  is  placed  in  circuit  with  the 
primary  wire  of  a  small  induction-coil ;  the  secondary 
wire  of  this  coil  is  united  through  the  line  to  the  receiving 
condenser.  In  Doibear's  telephone  the  receiver  consists 
merely  of  two  thin  metal  discs,  separated  by  a  very  thin 
air-spac^  and  respectively  united  to  the  two  ends  of  the 
secondary  coiL  As  the  varying  currents  flow  into  and 
out  of  this  condenser  the  two  discs  attraa  one  another 
more  or  less  strongly,  and  thereby  vibrations  are  set 
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up  which  correspond  to  the  vibrations  of  the  original 
sound. 

437.  Hii^hes'  Miorophone. — Hughes^  in  1878, 
discovered  that  a  loose  contact  between  two  conductors, 
forming  part  of  a  circuit  in  which  a  small  battery  and  a 
receiving  telephone  are  included,  may  serve  to  transmit 
sounds  without  the  intervention  of  any  specific  tympanum 
or  diaphragm  like  those  of  Reis  and  Edison,  because  the 
smallest  vibrations  will  effect  the  amount  of  the  resistance 
at  the  point  of  loose-contact,  if  the  latter  be  delicately 
set.  The  Miorophone  (Fig.  169)  embodies  this  prin- 
ciple. In  the  form  shown  in  the  figure,  a  small  thin 
pencil  of  carbon  is  supported  loosely  between  two  little 
blocks  of  the  same  substance  fixed  to  a  sounding-board 
of  thin  pine-wood,  the  blocks  being  connected  with  one 
or  two  small  cells  and  a  Bell  telephone  as  a  receiver. 
The  amplitude  of  the  vibrations  emitted  by  this  telephone 
may  be  much  greater  than  those  of  the  original  sounds, 
and  therefore  the  microphone  may  serve,  as  its  name 
indicates,  to  magnify  minute  sounds,  such  as  the  ticking 
of  a  watch  or  the  footfalls  of  an  insect,  and  render  them 
audible.  The  less  sensitive  carbon- transmitters^  used 
frequently  in  conjunction  with  the  telephone,  are  some- 
times regarded  as  varieties  of  the  microphone.  In  some 
of  these  instruments — Blake's,  for  instance — there  is  a 
tympanum  like  that  of  Edison's  and  of  Reis's  tele- 
phone. 

488.  Hii^hes'  Induction  Balance. — The  extreme 
sensitiveness  of  Bell's  telephone  (Art.  435)  to  the  feeblest 
currents  has  suggested  its  employment  to  detect  currents 
too  weak  to  affect  the  most  delicate  galvanometer.  The 
currents  must,  however,  be  intermittent,  or  they  will  not 
keep  the  disc  of  the  telephone  in  vibration.  Hughes 
applied  this  property  of  the  telephone  to  an  instrument 
named  the  Induction  Balance  (Fig.  170).  A  small 
battery  B,  connected  with  a  microphone  M,  passes 
through  two  coils  of  wire  Pj,  P,,  wound  on  bobbins  fixed 
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on  a  suitable  stand.  Above  each  of  these  primary  coils 
are  placed  two  secondary  coils,  Si,  S3,  of  wire,  of  the 
same  size,  and  of  exactly  equal  numbers  of  turns  of  wire. 
The  secondary  coils  are  joined  to  a  telephone  T,  and 
are  wound  in  opposite  directions.  The  result  of  this 
arrangement  is  that  whenever  a  current  either  begins  or 
stops  flowing  in  the  primary  coils.  Pi  induces  a  current 
in  Sj,  and  Pj  in  S2.  As  Si  and  Sj  are  wound  in  opposite 
ways,  the  two  currents  thus  induced  in  the  secondary 
wire  neutralise  one  another,  and,  if  they  are  of  equal 
strength,  balance  one  another  so  exactly  that  no  sound 


Fig.  170. 

is  heard  in  the  telephone.  But  a  perfect  balance  cannot 
be  obtained  unless  the  resistances  and  the  co-efficients  of 
mutual  induction  and  of  self-induction  are  alike.  If  a  flat 
piece  of  silver  or  copper  (such  as  a  coin)  be  introduced 
between  Si  and  Pi,  there  will  be  less  induction  in  Si  than 
in  Sg,  for  part  of  the  inductive  action  in  P^  is  now  spent 
on  setting  up  currents  in  the  mass  of  the  metal  (Art.  401), 
and  a  sound  will  again  be  heard  in  the  telephone.  But 
balance  can  be  restored  by  moving  Sj  farther  away  from 
Pa,  until  the  induction  in  Sj  is  reduced  to  equality  with 
Si,  when  the  sounds  in  the  telephone  again  cease.  It  is 
possible  by  this  means  to  test  the  relative  conductivity  of 
different  metals  which  are  introduced  into  the  coils.  It 
is  even  possible  to  detect  a  counterfeit  coin  by  the  indi- 
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cation  thus  afforded  of  its  conductivity.  The  induction 
balance  has  also  been  applied  in  surgery  by  Graham 
Bell  to  detect  the  presence  of  a  bullet  in  a  wound,  for  a 
lump  of  metal  may  disturb  the  induction  when  some 
inches  distant  from  the  coils. 


Fig.  171. 


439.  Hughes*  Magnetic  Balance. — A  very  con- 
venient instrument  for  testing  the  magnetic  properties 
of  different  specimens  of  iron  and  steel  was  devised  by 
Hughes  in  1884.  The  sample  to  be  tested  is  placed  in 
a  magnetising  coil  A  (Fig.  171),  and  a  current  is  sent 
round  it.  It  deflects  a  lightly-suspended  indicating 
needle  B,  which  is  then  brought  to  zero  by  turning  a 
large  compensating  magnet  M  upon  its  centre.  A  small 
coil  C  is  added  to  balance  the  direct  deflecting  effect 
due  to  coil  A.  The  author  of  this  book  has  shown  that 
if  the  distance  from  M  to  B  is  2-3  times  the  length  of 
M,  the  angle  through  which  M  is  turned  is  proportional 
to  the  magnetic  force  due  to  the  iron  core  at  A,  provided 
the  angle  is  less  than  60°. 
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PROBLEMS  AND  EXERCISES. 

QUESTIONS  ON  CHAPTER  I. 

1.  From  what' is  the  word  ^* electricify^  derived? 

2.  Name  some  of  the  different  methods  of  producing  electri- 
fication. 

3.  A  body  is  charged  so  feebly  that  its  electrification  will  not 
perceptibly  move  the  leaves  of  a  gold-leaf  electroscope.  Can 
you  suggest  any  means  of  ascertaining  whether  the  charge  of  the 
body  is  positive  or  negative  ? 

4.  Describe  an  experiment  to  prove  that  moistened  thread 
conducts  electricity  better  than  dry  thread. 

5.  "Why  do  we  regard  the  two  electric  charges  produced 
simultaneously  by  rubbing  two  bodies  together  as  being  of 
opposite  kinds  ? 

6.  Explain  the  action  of  the  electrophorus.  Can  you  suggest 
any  means  for  accomplishing  by  a  rotatory  motion  the  operations 
of  lifting  up  and  down  the  cover  of  the  instrument  so  as  to  obtain 
a  continuous  supply  instead  of  an  intermittent  one. 

7.  Explain  the  Torsion  Balance,  and  how  it  can  be  used  to 
investigate  the  laws  of  the  distribution  of  electricity. 

8.  Two  small  balls  are  charged  respectively  with  +  24  and 
—  8  units  of  electricity.  With  what  force  will  they  attract  one 
another  when  placed  at  a  distance  of  4  centimetres  from  one 
another?  Ans,   12  dynes. 

9.  If  these  two  balls  are  then  made  to  touch  for  an  instant 
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and  then  put  back  in  their  former  positions,  with  what  force 
will  they  act  on  each  other  ? 

Ans.  They  repel  one  another  with  a  force  of  4  dynes. 

10.  Zinc  filings  are  sifted  through  a  sieve  made  of  copper  wire 
upon  an  insulated  zinc  plate  joined  by  a  wire  to  an  electroscope. 
"What  will  be  observed  ? 

1 1.  Explain  the  principle  of  an  air-condenser ;  and  state  why 
it  is  that  the  two  oppositely  charged  plates  show  less  signs  of 
electrification  when  placed  near  together  than  when  drawn  apart 
from  one  another. 

12.  There  are  four  Leyden  jars  A,  B,  C,  and  D,  of  which  A, 
B,  and  D,  are  of  glass,  C  of  guttapercha.  A,  B,  and  C,  are  of 
the  same  size,  D  being  just  twice  as  tall  and  twice  as  wide 
as  the  others.  A,  C,  and  D,  are  of  the  same  thickness  of 
material,  but  B  is  made  of  glass  only  half  as  thick  as  A  or  D. 
Compare  their  capacities.  Ans,  Take  capacity  of  A  as  i 

that  of  B  will  be  2 
that  of  C  will  be  % 
and  that  of  D  will  be  4. 

13.  How  would  you  prove  that  there  is  no  electrification 
within  a  closed  conductor  ? 

14.  What  prevents  the  charge  of  a  body  from  escaping  away 
at  its  surface  ? 

15.  Explain  the  action  of  Hamilton's  mill. 

16.  Two  brass  balls  mounted  on  glass  stems  are  placed  half 
an  inch  apart.  One  of  them  is  gradually  charged  by  a  machine 
until  a  spark  passes  between  the  two  balls.  State  exactly  what 
happened  in  the  other  brass  ball  and  in  the  intervening  air  up 
to  the  moment  of  the  appearance  of  the  spark. 

17.  Define  electric  density.  A  charge  of  248  units  of  elec- 
tricity was  imparted  to  a  sphere  of  4  centims.  radius.  What  is 
the  density  of  the  charge?  Ans,   I '23  nearly. 


QUESTIONS  ON  CHAPTER  II. 

I.  A  dozen  steel  sewing-needles  are  hung  in  a  bunch  by 
threads  through  their  eyes.  How  will  they  behave  when  hung 
over  the  pole  of  a  strong  magnet  ? 
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2.  Six  magnetised  sewing-needles  are  thrust  vertically  through 
six  little  floats  of  cork,  and  are  placed  in  a  basin  of  water  with 
their  N. -pointing  poles  upwards.  How  will  they  affect  one 
another,  and  what  will  be  the  effect  of  holding  over  them  the 
S. -pointing  pole  of  a  magnet  ? 

3.  What  distinction  do  you  draw  between  magnets  and 
magnetic  matter  ? 

4.  On  board  an  iron  ship  which  is  laying  a  submarine  tele- 
graph cable  there  is  a  galvanometer  used  for  testing  the  continuity 
of  the  cable.  It  is  necessary  to  screen  the  magnetised  needle  of 
the  galvanometer  from  being  affected  by  the  magnetism  of  the 
ship.     How  can  this  be  done  ? 

5.  How  would  you  prove  two  magnets  to  be  of  equal 
strength  ? 

6.  The  force  which  a  magnet-pole  exerts  upon  another 
magnet-pole  decreases  as  you  increase  the  distance  between 
them.  What  is  the  exact  law  of  the  magnetic  force,  and  how 
is  it  proved  experimentally  ? 

7.  What  force  does  a  magnet-pole,  the  strength  of  which  is 
9  units,  exert  upon  a  pole  whose  strength  is  16  units  placed 
6  centimetres  away  ?  Ans,  4  dynes. 

8.  A  pole  of  strength  40  units  acts  with  a  force  of  32  dynes 
upon  another  pole  5  centimetres  away.  What  is  the  strength 
of  that  pole  ?  Ans,  20  units. 

9.  It  is  desired  to  compare  the  magnetic  force  at  a  point  10 
centimetres  from  the  pole  of  a  magnet  with  the  magnetic  force 
at  5  centimetres'  distance.     Describe  four  ways  of  doing  this. 

10.  Explain  the  phenomenon  of  Consequent  Poles. 

11.  In  what  direction  do  the  lines  of  magnetic  induction  (or 
"lines  of  force")  run  in  a  plane  in  which  there  is  a  single 
magnetic  pole  ?  How  would  you  arrange  an  experiment  by  which 
to  test  your  answer  ? 

12.  What  is  a  Magnetic  SMU  What  is  the  law  of  the 
potential  due  to  a  magnetic  shell  ? 

/    13.  A  steel  bar  magnet  suspended  horizontally,  and  set  to 
bscillate  at  Bristol,  made    no  complete  oscillations  in   five 
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minutes ;  the  same  needle  when  set  oscillating  horizontally  at 
St  Helena  executed  1 12  complete  oscillations  in  four  minutes. 
Compare  the  horizontal  component  of  the  force  of  the  earth's 
magnetism  at  Bristol  with  that  at  St.  Helena. 

Am,  H  at  Bristol :  H  at  St.  Helena  : :  484  :  784. 

14.  Supposing  the  dip  at  Bristol  to  be  70*  and  that  at  St. 
Helena  to  be  30%  calculate  from  the  data  of  the  preceding 
question  the  total  force  of  the  earth's  magnetism  at  St.  Helena, 
that  at  Bristol  being  taken  as  '48  unit.  Ans,   '307. 

\,N,B. — ^The  student  should  see  Footnote  z,  on  p.  zx6.] 

15.  A  small  magnetic  needle  was  placed  magnetically  north 
of  the  middle  point  of  a  strong  bar-magnet  which  lay  (magneti- 
cally) east  and  west  When  the  magnet  was  3  feet  away  from 
the  needle  the  deflexion  of  the  latter  was  2^ ;  when  moved  up 
to  a  distance  of  2  feet  the  deflexion  was  6°  30' ;  and  when  only 
I  foot  apart  the  deflexion  was  43".  Deduce  the  law  of  the  total 
action  of  one  magnet  on  another. 

16.  Describe  how  the  daily  irregukknties  of  the  earth's  mag- 
netism are  registered  at  different  stations  for  comparisoiu 


QUESTIONS  ON  CHAPTER  III. 

1.  Show  that  the  total  of  the  diflerences  of  potential  by  con- 
tact in  three  simple  voltaic  cells  joined  in  series  is  three  times  as 
great  as  the  difierence  of  potential  in  one  cell,  the  materials 
being  the  same  in  each. 

2.  How  can  local  action  and  polarisation  be  prevented  in  a 
voltaic  cell  ? 

3.  Supposing  the  length  of  spark  to  be  proportional  to  the 
difference  of  potential,  calculate  from  the  data  of  Arts.  291  and 
178  how  many  Daniell's  cells  would  be  required  to  yield  a 
sufficient  difierence  of  potential  to  produce  a  spark  one  mile  long 
through  air.  Ans.  1092  million  cells. 

4.  On  what  does  the  internal  resistance  of  a  battery  depend  ? 
Is  there  any  way  of  diminishing  it  ? 

5.  Twenty -four  similar  cells  are  grouped  together  in  four 
ws  of  six  cells  each ;  compare  the  electromotive-force  and  the 
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resistance  of  the  battery  thus  grouped,  with  the  electromotive- 
force  and  the  resistance  of  a  single  cell. 

Ans,  The  E.M.F.  of  the  battery  is  six  times  that  of 

one  cell.     The  total  internal  resistance  is  one  and 

a  half  times  that  of  one  cell. 

6.  A  piece  of  silk-covered  copper  wire  is  coiled  round  the 
equator  of  a  model  terrestrial  globe.  Apply  Ampere's  rule  to 
determine  in  which  direction  a  current  must  be  sent  through  the 
coil  in  order  that  the  model  globe  may  represent  the  condition 
of  the  earth  magnetically. 

Ans>  The  current  must  flow  across  the  Atlantic  from 
Europe  to  America,  and  across  the  Pacific  from 
America  toward  India;  or,  in  other  words,  must 
flow  always  from  east  toward  west. 

(/  7.  A  current  of  '24  amperes  flows  through  a  drcular  coil  of 
seventy-two  turns,  the  (average)  diameter  of  the  coils  being  20 
centimetres.  What  is  the  strength  of  the  magnetic  field  which 
the  current  produces  at  the  centre  of  the  coil  ? 

Ans,   I  '08. 

^  8.  Suppose  a  current  passing  through  the  above  coil  produced 
a  deflection  of  35°  upon  a  small  magnetic  needle  placed  at  its 
centre  (the  plane  of  the  coils  being  in  the  magnetic  meridian), 
at  a  place  where  the  horizontal  component  of  the  earth's 
magnetic  force  is  *23  units.  Calculate  the  strength  of  the 
current  in  ampdres.     (Art  200.)  Ans,  0*035. 

9.  The  current  generated  by  a  dynamo-electric  machine  was 
passed  through  a  large  ring  of  stout  copper  wire,  at  the  centre 
of  which  hung  a  small  magnetic  needle  to  serve  as  a  tangent 
galvanometer.  When  the  steam  engine  drove  the  armature  of 
the  generator  at  450  revolutions  per  minute  the  deflection  of  the 
needle  was  60*.  When  the  speed  of  the  engine  was  increased 
so  as  to  produce  900  revolutions  per  minute  the  deflection  was 
74*.     Compare  the  strength  of  the  currents  in  the  two  cases. 

Ans,  The  current  was  twice  as  great  as  before,  for  tan 
74*  is  almost  exactly  double  of  tan  60*. 

10.  The  current  from  two  Grove's  cells  was  passed  through 
a  sine -galvanometer  to  measure  its  strength.  When  the  con- 
ducting wires  were  of  stout  copper  wire  the  coils  had  to  be 
turned  through  70*  before  they  stood  parallel  to  the  needle. 
But  when  long  thin  wires  were  used  as  conductors  the  coils 
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only  required  to  be  turned  through  9°.  Compare  the  strength 
of  the  current  in  the  first  case  widi  that  in  the  second  case 
when  flowing  through  the  thin  wires  which  offered  considerable 
resistance.  Ans,  Currents  are  as  i  to  -^^  or  as  6  to  i. 

11.  A  plate  of  zinc  and  a  plate  of  copper  are  respectively 
united  by  copper  wires  to  the  two  screws  of  a  galvanometer. 
They  were  then  dipped  side  by  side  into  a  glass  containing 
dilute  sulphuric  acid.  The  galvanometer  needle  at  first  showed 
a  deflection  of  28^  but  five  minutes  later  the  deflection  had 
fallen  to  1 1*.     How  do  you  account  for  this  falling  off? 

12.  Classify  liquids  according  to  their  power  of  conducting 
electricity. 

/>  13.  Name  the  substances  produced  at  the  anode  and  kathode 
respectively  during  the  electrolysis  of  the  following  substances  : — 
IVater^  dilute  sulphuric  acid^  sulphate  of  copper  (dissolved  in 
water),  hydrochloric  cuid  (strong),  iodide  of  potassium  (dissolved 
in  water),  chloride  of  tin  (fused). 

14.  A  current  is  sent  through  three  electrolytic  cells,  the  first 
containing  acidulated  water,  the  second  sulphate  of  copper,  the 
third  contains  a  solution  of  silver  in  cyanide  of  potassium.  How 
much  copper  will  have  been  deposited  in  the  second  cell  while 
2*268  grammes  of  silver  have  been  deposited  in  the  third  cell? 
And  what  volume  of  mixed  gases  will  have  been  given  off  at  the 
same  time  in  the  first  cell  ? 

Am,  '6614  grammes  of  copper  and  352*8  cubic  centi- 
metres of  mixed  gases. 

15.  A  current  passes  by  platinum  electrodes  through  three 
cells,  the  first  containing  a  solution  of  blue  vitriol  (cupric 
sulphate),  the  second  containing  a  solution  of  green  vitriol 
(ferrous  sulphate),  the  third  containing  a  solution  of  ferric 
chloride.  State  the  amounts  of  the  different  substances  evolved 
at  each  electrode  by  the  passage  of  icx)0  amp^es  of  electricity. 

Ans    First  Cell     \  ^^^  *°^^^  gramme  of  oxygen  gas. 
'     (  Kathode  '3261  gramme  of  copper. 

9     fid  C  tt  \  -^^^^^  '0828  gramme  of  oxygen. 
*  (  Kathode  '2898  gramme  of  iron. 

T7l'  d  C 11   \  ^'^^'^  '3^75  gramme  of  chlorine. 
'   (  Kathode  '1449  gramme  of  iron. 

16.  A  tangent  galvanometer,  whose  ** constant"  in  absolute 
units  was  0'o8o,  was  joined  in  circuit  with  a  battery  and  an 
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electrolytic  cell  containing  a  solution  of  silver.  The  current 
was  kept  on  for  one  hour  ;  the  deflection  observed  at  the  begin- 
ning was  36*',  but  it  fell  steadily  during  the  hour  to  34*.  Sup- 
posing the  horizontal  component  of  the  earth's  magnetic  force 
to  be  '23,  calculate  the  amount  of  silver  deposited  in  the  cell 
during  the  hour,  the  absolute  electro  •  chemical  equivalent  of 
silver  being  o-oi  1 34.  Ans.  ^526  gramme. 

17.  A  piece  of  zinc,  at  the  lower  end  of  which  a  piece  of 
copper  wire  is  fixed,  is  suspended  in  a  glass  jar  containing  a 
solution  of  acetate  of  lead.  After  a  few  hours  a  deposit  of 
lead  in  a  curious  tree -like  form  ("Arbor  Satumi")  grows 
downwards  from  the  copper  wire.     Explain  this. 

18.  Explain  the  conditions  under  which  electricity  excites 
muscular  contraction.  How  can  the  converse  phenomenon  of 
currents  of  electricity  produced  by  muscular  contraction  be 
shown! 


QUESTIONS  ON  CHAPTER  IV. 

1.  Define  the  unt^  of  electricity  as  derived  in  absolute  terms 
from  the  fundamental  units  of  length,  mass,  and  time^ 

2.  At  what  distance  must  a  small  sphere  charged  with  28 
units  of  electricity  be  placed  from  a  second  sphere  charged  with 
56  units  in  order  to  repel  the  latter  with  a  force  of  32  dynes  ? 

Ans,  7  centimetres. 

3.  Suppose  the  distance  from  the  earth  to  the  moon  to  be  (in 
round  numbers)  383  x  »io*  centimetres ;  and  that  the  radius  of 
the  earth  is  63  x  lo'^  centimetres,  and  that  of  the  moon  15  x 
10^  centimetres ;  and  that  both  moon  and  earth  are  charged 
until  the  surface  density  on  each  of  them  is  of  the  average  value 
of  10  units  per  square  centimetre.  Calculate  the  electrostatic 
repulsion  between  the  moon  and  the  earth. 

4.  A  small  sphere  is  electrified  with  24  units  of  +  electricity. 
Calculate  the^r^^  with  which  it  repels  a  unit  of  +  electricity  at 
distances  of  I,  2,  3,  4,  5,  6,  8,  and  10  centimetres  respectively. 
Then  plot  out  the  ^"^  curve  of  force  ^*  to  scale;  measuring  the 
respective  distances  along  a  line  from  lefl  to  right  as  so  many 
centimetres  from  a  fixed  point  as  origin ;  then  setting  out  as 
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vertical  ordinates  the  amounts  you  have  calculated  for  the 
corresponding  forces ;  lastly,  connecting  by  a  curved  line  the 
system  of  points  thus  found. 

5.  Define  electrostatic  (or  electric)  ^^ potential ;^^  and  calculate 
(by  the  rule  given  in  italics  in  Art.  238)  the  potential  at  a  point 
A,  which  is  at  one  comer  of  a  square  of  8  centimetres'  side, 
when  at  the  other  three  comers  B,  C,  D,  taken  in  order, 
charges  of  +16,  +34,  and  +24  units  are  respectively  placed. 

Ans,   8,  very  nearly  exactly. 

6.  A  small  sphere  is  electrified  with  24  units  of  +  electricity. 
Calculate  the  potential  due  to  this  charge  at  points  I,  2,  3,  4,  5, 
6,  8,  and  10  centimetres'  distance  respectively.  Then  plot  out 
the  **  curve  of  potential"  to  scale,  as  described  in  Question  4. 

7.  What  are  equipotential  surfaces  ?  Why  is  the  surface  of 
an  insulated  conductor  an  equipotential  surface  ?  Is  it  always 
so? 

8.  A  sphere  whose  radius  is  14  centimetres  is  charged  until 
the  surface  density  has  a  value  of  10.  What  quantity  of 
electricity  is  required  for  this?  Ans.  24,630  units  (nearly). 

9.  In  the  above  question  what  will  be  the  potential  at  the 
surface  of  the  sphere?    (See  last  sentence  of  Art  246.) 

Ans*   1760  (very  nearly). 

10.  In  the  case  of  question  8,  what  will  be  the  electric  force  at 
a  point  outside  the  sphere  and  indefinitely  near  to  its  surface  ? 
(Art.  251.)  Ans,   1257  (very  nearly). 

11.  Suppose  a  sphere  whose  radius  is  10  centimetres  to  be 
charged  with  6284  units  of  electricity,  and  that  it  is  then  caused 
to  share  its  charge  with  a  non-electrified  sphere  whose  radius  is 
15  centimetres,  what  will  the  respective  charges  and  surface- 
densities  on  the  two  spheres  be  when  separated  ? 

Ans,  Small  sphere,  ^  =  2513*6,  (  s  2  : 
Large  sphere,  q  =  3770*4»  C  =  l*33« 

•12.  A  charge  of  +  8  units  is  collected  at  a  point  20  centi- 
metres distant  from  the  centre  of  a  metallic  sphere  whose  radius 
is  10  centimetres.  It  induces  a  negative  electrification  at  the 
nearest  side  of  the  sphere.  Find  a  point  inside  the  sphere  such 
that  if  4  negative  units  were  placed  there  they  would  exercise 
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a  potential  on  all  external  points  exactly  equal  to  that  of  the 
actual  negative  electrification.    (See  Art.  250.) 

Ans,  The  point  must  be  on  the  line  between  the  outside 

positive  charge  and  the  centre  of  the  sphere  and  at 

5  centims.  from  the  surface. 

13.  Two  large  parallel  metal  plates  are  charged  both 
positively  but  unequally,  the  density  at  the  surface  of  A  being 
+  6,  that  at  the  surface  of  B  being  +  3.  They  are  placed  2 
centimetres  apart.  Find  the  force  with  which  a  +  unit  of 
electricity  is  urged  from  A  towards  B.  Find  also  the  work 
done  by  a  +  unit  of  electricity  in  passing  from  A  to  B. 

Ans,  Electric  force  from  A  towards  B  =  1 8  '85  dynes;  work 
done  by  unit  in  passing  from  A  to  B  =  37  '5  ergs. 

14.  What  is  meant  by  the  dimensions  of  a  physical  quantity  ? 
Deduce  from  the  Ldw  of  Inverse  Squares  the  dimensions  of 
electricity;  and  show  by  this  means  that  electricity  is  not  a 
quantity  of  the  same  physical  dimensions  as  either  matter ^  energy^ 
ox  force, 

1 5.  Explain  the  construction  and  principles  of  action  of  the 
quadrant  electrometer.  How  could  this  instrument  be  made 
self-recording  ? 

16.  One  of  the  two  coatings  of  a  condenser  is  put  to  earth, 
to  the  other  coating  a  charge  of  5400  units  is  imparted.  It  is 
found  that  the  difference  of  potential  thereby  produced  between 
the  coatings  is  15  (electrostatic)  units.  What  was  the  capacity 
of  the  condenser  ?  Ans,  360. 

17.  What  is  the  meaning  oi  specific  indtutvve  capacity  %  Why 
does  hot  glass  appear  to  have  a  higher  specific  inductive  capacity 
than  cold  glass  ? 

18.  Compare  the  phenomenon  of  the  residual  charge  in  a 
Leyden  jar  with  the  phenomenon  of  polarisation  in  an  electro- 
lytic cell. 

19.  A  condenser  was  made  of  two  flat  square  metal  plates, 
the  side  of  each  of  them  being  35  centimetres.  A  sheet  of 
indiarubber  *4  centim.  thick  was  placed  between  them  as  a 
dielectric.  The  specific  inductive  capacity  of  indiarubber 
being  taken  as  2*25,  calculate  the  capacity  of  the  condenser. 

Ans,  548-8  electrostatic  units* 
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20.  Calculate  (in  electrostatic  units)  the  capacity  of  a  mile  of 
telegraph  cable  tfie  core  being  a  copper  wire  of  'iS  centim. 
diameter,  surrounded  by  a  sheathing  of  guttapercha  'gi  centim. 
thick.  [k  for  guttapercha  =  2*46 ;  one  mile  =  160,933 
centims.]  Ans.  82, 164  units. 

21.  A  Leyden  jar  is  made  to  share  its  charge  with  two  other 
jars,  each  of  which  is  equal  to  it  in  capacity.  Compare  the 
energy  of  the  charge  in  one  jar  with  the  energy  of  the  original 
chaise.  Ans.  One  ninth  as  great. 

22.  A  series  of  Leyden  jars  of  equal  capacity  are  charged 
"in  cascade."  Compare  the  total  energy  of  the  charge  of  the 
individual  jars  thus  charged,  with  that  of  a  single  jar  charged 
from  the  same  source. 

23.  Classify  the  various  modes  of  discharge,  and  state  the 
conditions  under  which  they  occur. 

24.  Suppose  a  condenser,  whose  capacity  is  10,000  charged 
to  potential  14,  to  be  partially  discharged  so  that  the  potential 
fell  to  5.  Calculate  the  amount  of  heat  produced  by  the 
discharge,  on  the  supposition  that  all  the  energy  of  the  spark 
is  converted  into  heat.  Ans.   '020357  of  a  unit  of  heat. 

25.  How  do  changes  of  pressure  affect  the  passage  of  electric 
sparks  through  air  ? 

26.  Why  are  telegraphic  signals  through  a  submerged  cable 
retarded  in  transmission,  and  how  can  this  retardation  be 
obviated  ? 

27.  How  is  the  diflference  of  potential  between  the  earth  and 
the  air  above  it  measured  ?  and  what  light  do  such  measure- 
ments throw  on  the  periodic  variations  in  the  electrical  state  of 
the  atmosphere  ? 

28.  What  explanation  can  be  given  of  the  phenomena  of  a 
thunderstorm  ? 

29.  What  are  the  essential  features  which  a  lightning-con- 
ductor must  possess  before  it  can  be  pronounced  satisfactory  ? 
And  what  are  the  reasons  for  insisting  on  these  points  ? 

30.  How  can  the  duration  of  an  electric  spark  be  measured  ? 
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QUESTIONS  ON  CHAPTER  V. 

I.  Define  magnetic  potential,  and  find  the  (magnetic)  potential 
due  to  a  bar  magnet  10  centimetres  long,  and  of  strength  80, 
at  a  point  lying  in  a  line  with  the  magnet  poles  and  6  centi- 

metres  distant  from  its  N. -seeking  end.  Ans,  8*3. 

V  2.  A  N. -seeking  pole  and  a  S. -seeking  pole,  whose  strengths 
are  respectively  -f-  120  and  —  60,  are  in  a  plane  at  a  distance 
of  6  centimetres  apart.  Find  the  point  between  them  .where 
the  potential  is  =  o ;  and  through  Uiis  point  draw  the  curve  of 
zero  potential  in  the  plane. 

3.  Define  "intensity  of  the  magnetic  field."  A  magnet 
whose  strength  is  270  is  placed  in  a  uniform  magnetic  field 

whose  intensity  is  '166.  What  are  the  forces  which  act  upon 
its  poles  ?  Ans,  +  45  dynes  and  —  45  dynes. 

4.  Define  "intensity  of  magnetisation."  A  rectangular  bar- 
magnet,  whose  length  was  9  centimetres,  was  magnetised  until 
the  strength  of  its  poles  was  164.  It  was  2  centimetres  broad 
and  *5  centimetre  thick.  Supposing  it  to  be  uniformly  magnet- 
ised t^oughout  its  length,  what  is  the  intensity  of  the  magnet- 
isation? Ans,   164. 

5.  Poisson  suggested  a  two -fluid  theory  of  magnetism,  the 
chief  point  of  the  h3rpothesis  being  that  in  the  molecules  of  iron 
and  other  magnetic  substances  there  were  equal  quantities  of 
two  opposite  kinds  of  magnetic  fluid ;  and  that  in  the  act  of 
magnetisation  the  two  fluids  were  separated.  What  facts  does 
this  theory  explain  ?    What  facts  does  it  fail  to  explain  ? 

.  6.  A  current  whose  strength  in  "  absolute  "  electromagnetic 
units  was  equal  to  0*05  traversed  a  wire  ring  of  2  centimetres 
radius.  What  was  the  strength  of  field  at  the  centre  of  the 
ring?  What  was  the  potential  at  a  point  P  opposite  the 
middle  of  the  ring  and  4  centimetres  distant  firom  the  circum- 
ference of  the  ring.  Ans,  y=  '1571 ;  V  =  ±   0*0421. 

7.  What  limits  are  there  to  the  power  of  an  electromagnet  ? 

8.  What  is  the  advantage  of  the  iron  core  in  an  electro- 
magnet? 

9.  Assuming  the  efiective  coefficient  of  magnetisation  of  iron 
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to  be  20,  calculate  the  strength  of  the  pole  of  an  electromagnet 
whose  coils  consist  of  50  turns  of  wire  of  an  average  radius  of 
I  centimetre,  when  a  current  of  2  amperes  passes  through  the 
coils,  the  core  consisting  of  a  bar  5  centimetres  long  and  of  i 
square  centimetre  of  area  in  its  cross  section  [see  Art.  328  {d)]. 

Ans.  528  units. 

10.  Enunciate  Maxwell's  rule  concerning  magnetic  shells, 
and  from  it  deduce  the  laws  of  parallel  and  oblique  currents 
discovered  by  Ampte. 

11^  A  circular  copper  dish  is  joined  to  the  zinc  pole  of  a 
small  battery.  AcidiUated  water  is  then  poured  into  the  dish, 
and  a  wire  from  the  carbon  pole  of  the  battery  dips  into  the 
liquid  at  the  middle.  A  few  scraps  of  cork  are  thrown  in  to 
render  any  movement  of  the  liquid  visible.  What  will  occur 
when  the  N. -seeking  pole  of  a  strong  bar-magnet  is  held  above 
the  dish  ? 

12,  Roget  hung  up  a  spiral  of  copper  wire  so  that  the  lower 
end  Just  dipped  into  a  cup  of  mercury.  When  a  strong  current 
was  sent  through  the  spiral  it  started  a  continuous  dance,  the 
lower  end  producing  bright  sparks  as  it  dipped  in  and  out  of 
the  mercury.     Explain  this  experiment. 

13.  It  is  believed,  though  it  has  not  yet  been  proved,  that 
ozone  is  more  strongly  magnetic  than  oxygen.  How  could  this 
be  put  to  proof? 


QUESTIONS  ON  CHAPTER  VI. 

iX.  The  resistance  of  telegraph  wire  being  taken  as  13  oAms 
per  mile,  and  the  E.  M.  F.  of  a  Leclanche  cell  as  1*5  voU, 
calculate  how  many  cells  are  needed  to  send  a  current  of  12 
mil/t-amph-es  through  a  line  120  miles  long  ;  assuming  that  the 
instruments  in  circuit  offer  as  much  resistance  as  20  miles  of 
wire  would  do,  and  that  the  return-current  through  MrtA  meets 
with  no  appreciable  resistance.  Ans.  15  cells. 

2.  50  Grove's  cells  (E.  M.  F.  of  a  Grove  =  I  -8  voU)  are 
united  in  series,  and  the  circuit  is  completed  by  a  wire  whose 
resistance  is  15  oAms.  Supposing  the  internal  resistance  of  each 
cell  to  be  0*3  oApf,  calculate  the  strength  of  the  current 

Ans,  3  amphts. 
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\  3.  The  current  running  through  an  incandescent  filament  of 
carbon  in  a  lamp  was  foimd  to  be  exactly  i  ampire.  The 
difference  of  potential  between  the  two  terminals  of  the  lamp 
while  the  current  was  flowing  was  found  to  be  30  volts.  What 
was  the  resistance  of  the  filament  ? 

V>4.  Define  specific  resistance.  Taking  the  specific  resistance 
of  copper  as  1642,  calculate  the  resistance  of  a  kilometre  of 
copper  wire  whose  diameter  is  I  millimetre.     Ans,  20*9  ohms, 

5.  On  measuring  the  resistance  of  a  piece  of  No.  30  B.  W.  G. 
(covered)  copper  wire,  i8'i2  yards  long,  I  found  it  to  have  a 
resistance  of  3  '02  ohms.  Another  coil  of  the  same  wire  had  a  resist- 
ance of  22*65  ^^^^ »  what  length  of  wire  was  there  in  the  coil  ? 

Ans,   1 35 '9  yards. 

6.  Calculate  the  resistance  of  a  copper  conductor  one  square 
centimetre  in  area  of  cross-section,  and  long  enough  to  reach 
from  Niagara  to  New  York,  reckoning  this  distance  as  480 
kilometres.  Ans,  78*8  ohms, 

7.  You  have  given  an  unlimited  number  of  Telegraph  Darnell's 
cells  (Fig.  77),  their  E,  M.  F.  being  i*i  volt  each,  and  their 
average  internal  resistance  being  2*2  ohms  each.  What  will  be 
the  strength  of  the  current  when  five  such  cells,  in  series,  are 
connected  through  a  wire  whose  resistance  is  44  ohms  t 

Ans,  O'l  amptre, 

8.  Show  in  the  preceding  case  that  with  an  infinite  number 
of  cells  in  series^  the  current  could  not  possibly  exceed  0'5 
amph^e, 

V9.  The  specific  resistance  of  guttapercha  being  3*5  x  lo^^, 
calculate  the  number  of  coulombs  of  electricity  that  would  leak 
in  one  century  through  a  sheet  of  guttapercha  one  centimetre 
thick  and  one  metre  square,  whose  faces  were  covered  with 
tinfoil  and  joined  respectively  to  the  poles  of  a  battery  of  100 
Danieirs  cells.  Ans,  97  coulomb. 

10.  Six  Daniell's  cells,  for  each  of  which  E  =  i  '05  voUs^  r= 
o*5  ohm^  are  joined  in  series.  Three  wires,  X,Y,  and  Z,  whose 
resistances  are  severally  3,  30,  and  300  ohms,  can  be  inserted 
between  the  poles  of  the  battery.  Determine  the  cmrrent  (in 
ampires)  which  flows  when  each  wire  is  inserted  separately ;  also 
determine  that  which  flows  when  they  are  all  inserted  at  once 
in  parallel  arc. 

2  F 
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Ans,  Through  X  1*05     amptres  per  sec. 

Through  Y  0*1909        „  „ 

Through  Z  0*0207        »  « 

Through  all  three  1*105  »  »> 

11.  Calculate  the  number  of  cells  required  to  produce  a 
current  of  50  miUi'Omph'es,  through  a  line  114  miles  long,  whose 
resistance  is  12^  ohms^x  mile,  the  available  cells  of  the  battery 
haying  each  an  internal  resistance  of  I  *5  ohniy  and  an  E.M.F.  of 

1  *5  voU,  Ans,  50  cells. 

12.  You  have  20  large  Leclanch^  cells  (E.M.F.  =  1*5  voU^ 
f'=o*5  ohm  each)  in  a  circuit  in  which  the  external  resistance  is 
10  ohms.  Find  the  strength  of  current  which  flows  (a)  when 
the  cells  are  joined  in  simple  series ;  ^)  all  the  zincs  are  united, 
and  all  the  carbons  united,  in  parallel  arc ;  {c)  when  the  cells  are 
arranged  two  abreast  {ue,  in  two  files  of  ten  cells  each) ;  {d) 
when  the  cells  are  arranged  four  abreast. 

Ans,  (a)  1*5        amph'e, 
{J})  0*1496      „ 

(0  1-2 

(d)  0*702       „ 

13.  With  the  same  battery  how  would  you  arrange  the  cells 
in  order  to  telegraph  through  a  line  100  miles  long,  reckoning 
the  line  resistance  as  12^  ohms  per  mile? 

14.  I  have  48  cells,  each  of  1*2  voU  E.M.F.,  and  each  of 

2  ohms  internal  resistance.  What  is  the  best  way  of  grouping 
them  together  when  it  is  desired  to  send  the  strongest  possible 
current  through  a  circuit  whose  resbtance  is  12  ohms? 

Ans,  Group  them  three  abreast 

15.  Show  that,  if  we  have  a  battery  of  n  given  cells  each  of 
resistance  r  in  a  circuit  where  the  external  resistance  is  R,  the 
strength  of  the  current  will  be  a  maximum  when  the  cells  are 
coupled  up  in  a  certain  number  of  rows  equal  numerically  to 

V^r-r-R. 

16.  Two  wires,  whose  separate  resistances  are  28  and  24,  are 
placed  in  paralld  arc  in  a  circuit  so  that  the  current  divides, 
part  passing  through  one,  part  through  the  other.  What  resist- 
ance do  they  offer  thus  to  the  current  ?  Ans,  12*92  ohms, 

17.  Using  a  large  bichromate  cell  of  practically  no  internal 
resistance,  a  deflection  of  9*  was  obtained   upon  a  tangent 
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• 
galvanometer  (also  of  small  resistance)  through  a  wire  whose 
resistance  was  known  to  be  435  ohms.  The  same  cell  gave  a 
deflection  of  5*  upon  the  same  galvanometer  when  a  wire  of 
unknown  resistance  was  substituted  in  the  circuit.  What  was 
the  unknown  resistance  ?  Ans»  790  ohms. 

18.  In  a  Wheatstone*s  bridge  in  which  resistances  of  10  and 
100  ohm^  respectively  were  used  as  the  fixed  resistances,  a  wire 
whose  resistance  was  to  be  determined  was  placed  :  its  resist- 
ance was  balanced  when  the  adjustable  coils  were  arranged  to 
throw  281  ohms  into  circuit.     What  was  its  resistance  ? 

Ans,  28*1  ohms, 

19.  A  battery  of  5  Leclanche  cells  was  connected  in  simple 
circuit  with  a  galvanometer  and  a  box  of  resistance  coils.  A 
deflection  of  40"  having  been  obtained  by  adjustment  of  the 
resistances,  it  was  found  that  the  introduction  of  150  additional 
ohms  of  resistance  brought  down  the  deflection  to  29**.  A  battery 
of  ten  DanielPs  cells  was  then  substituted  in  the  circuit  and 
adjusted  until  the  deflexion  was  40'  as  before.  But  this  time  it 
was  found  that  216  ohms  had  to  be  added  before  the  deflection 
was  brought  down  to  29".  Taking  the  E.M.F.  of  a  single 
Darnell's  cell  as  I  '079  volt,  calculate  that  of  a  single  Leclanch^ 
cell.  Ans,   i  '499  volU 

20.  How  are  standard  resistance  coils  wound,  and  why? 
What  materials  are  they  made  of,  and  why  ? 

21.  Three  very  small  Daniell's  cells  gave,  with  a  ^e  galvan- 
ometer (itself  of  no  appreciable  resistance),  a  reading  of  57*.  On 
throwing  20  ohms  into  the  circuit  the  galvanometer  reading  fell 
to  25**.     Calculate  the  internal  resistance  of  the  cells. 

Ans,  6*6  ohms  each. 

22.  A  knot  of  telegraph  cable  was  plunged  in  a  tub  of  water 
and  then  charged  for  a  minute  from  a  battery  of  120  Daniell's 
cells.  The  cable  was  then  discharged  through  a  long -coil 
galvanometer  with  a  needle  of  slow  swing.  The  first  swing 
was  40'.  A  condenser  whose  capacity  was  \  microfarad  was 
then  similarly  charged  and  discharged ;  but  this  time  the  first 
swing  of  the  needle  was  only  over  14',  What  was  the  capacity 
of  the  piece  of  cable  ?  Ans,  O'^'^^  microfarad, 

23.  Using  an  absolute  electrometer.  Sir  W.  Thomson  found 
the  difference  of  potential  between  the  poles  of  a  DanielTs  cell 
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to  be  '00374  electrostatic  units  (C.G.S.  system).  The  ratio  of 
the  electrostatic  to  the  electromagnetic  unit  of  potential  is  given 

in  Art  365,  being  =  ^.  The  voU  is  defined  as  10^  electromag- 
netic units.  From  these  data  calculate  the  E.  M.  F.  of  a 
DanielPs  cell  in  volts.  Arts,   1*115  volt» 

24.  The  radius  of  the  earth  is  approximately  63  x  10'  centi- 
metres. The  ratio  of  the  electrostatic  to  the  electromagnetic 
unit  of  capacity  is  given  in  Art.  365.  The  definition  of  the 
farad  is  given  in  Art.  323,     Calculate  the  capacity  of  the  earth 

(regarded  as  a  sphere)  in  microfarads. 

Ans,   700  microfarads  (nearly). 

25.  The  electromotive-force  of  a  DanielPs  cell  was  determined 
by  the  following  process  : — Five  newly-prepared  cells  were  set 
up  in  series  with  a  tangent  galvanometer,  whose  constants  were 
found  by  measurement.  The  resistances  of  the  circuit  were  also 
measured,  and  found  to  be  in  total  16*9  ohms,  Knowing  the 
resistance  and  the  absolute  strength  of  current  the  E.M.F.  could 
be  calculated.  The  deflection  obtained  was  45",  the  number  of 
turns  of  wire  in  the  coil  10,  the  average  radius  of  the  coils  1 1 
centimetres,  and  the  value  of  the  horizontal  component  of  the 
earth's  magnetism  at  the  place  was  0*18  C.G.S.  units.  Deduce 
the  E.M.F.  of  a  Daniell's  cell. 

Ans,  I '0647  X  10^  C.G.S.  units,  or  i'o647  volt. 


'  QUESTIONS  ON  CHAPTER  VII. 

1.  I  have  seen  a  small  chain  in  which  the  alternate  links 
were  of  platinum  and  silver  wires.  When  an  electric  current 
was  sent  through  the  chain  the  platinum  links  grew  red  hot 
while  the  silver  links  remained  cold.     Why  was  this  ? 

2.  Calculate  by  Joule's  law  the  number  of  heat  units  developed 
in  a  wire  whose  resistance  is  4  ohms  when  a  steady  current  of 
'14  amplre  is  passed  through  it  for  10  minutes. 

Ans,   1 1  '2  units  of  heat, 

3.  What  sort  of  cells  ought  to  be  the  best  for  providing 
currents  to  fire  torpedo  shots  ? 

4.  Explain  why  a  regulator  like  that  of  Duboscq  is  employed 
in  obtaining  a  steady  voltaic  arc 
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5.  I  once  tried  to  obtain  an  electric  light  by  using  a  battery 
of  3000  telegraph  Daniell's  cells  in  series,  but  without  success. 
Why  did  this  enormous  battery  power  fail  for  this  purpose? 
Could  it  have  been  made  to  give  a  light  by  any  different  arrange- 
ment of  the  cells  ? 

6.  A  battery  of  2  Grove's  cells,  a  galvanometer,  aijid  a  little 
electromagnetic  engine,  were  connected  in  circuit.  At  first  the 
engine  was  loaded,  so  that  it  could  only  run  slowly ;  but  when 
the  load  was  lightened  it  spun  round  at  a  tremendous  speed. 
But  the  faster  the  little  engine  worked  the  feebler  was  the 
current  indicated  by  the  galvanometer.     Explain  this. 

7.  A  current  of  9  amplres  worked  an  electric  arc  light,  and  on 
measuring  the  difference  of  potential  between  the  two  carbons 
by  an  electrometer  it  was  found  to  be  140  volts.  What  was 
the  amount  of  horse-power  absorbed  in  this  lamp  ? 

Am,  1*69  H.-P. 

8.  You  have  a  lathe  in  your  workshop  which  requires  power 
to  turn  it.  There  is  a  stream  of  water  tumbling  down  the  hill- 
side, two  miles  ofif,  with  power  enough  to  turn  twenty  lathes. 
How  can  you  bring  this  power  to  the  place  where  you  want  to 
use  it? 

9.  What  is  the  use  of  the  electro-dynamometer  ?  Assum- 
ing that  the  moment  of  the  force  acting  on  the  movable  coil  of 
the  electro-dynamometer  is  proportional  to  the  product  of  the 
strengths  of  the  currents  in  the  two  coils,  show  that  the  work 
performed  by  a  current  is  really  measured  by  the  electro- 
d3mamometer  of  Marcel  Deprez,  in  which  one  set  of  coils  has  a 
very  small  resistance  and  the  other  a  very  high  resistance  (con- 
sisting of  many  turns  of  fine  wire),  the  latter  being  arranged  as 
a  shunt  to  the  lamp,  motor,  or  other  instrument,  in  which  the 
work  to  be  measured  is  being  done,  the  former  having  the 
whole  current  passed  through  it. 


QUESTIONS  ON  CHAPTER  VIII. 

I.  A  strong  battery -current  is  sent,  for  a  few  moments^ 
through  a  bar  made  of  a  piece  of  antimony  soldered  to  a  piece 
of  bismuth.  The  battery  is  then  disconnected  from  the  wires 
and  they  are  joined  to  a  galvanometer  which  shows  a  deflection. 
Explain  this  phenomenon. 
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2.  A  long  strip  of  zinc  is  connected  to  a  galvanometer  by 
iron  wires.  One  junction  is  kept  in  ice,  the  other  is  plunged 
into  water  of  a  temperature  of  5o*C.  Calculate,  from  the  table 
given  in  Art.  381,  the  electromotive-force  which  is  producing 
the  current.  Ans,  690  microvolts. 

3.  When  heat  is  evolved  at  a  junction  of  two  metals  by  the 
passage  of  a  current,  how  would  you  distinguish  between  the 
heat  due  to  resistance  and  the  heat  due  to  the  Peltier  effect  ? 

4.  Sir  W.  Thomson  discovered  that  when  a  current  flows 
through  copper  it  absorbs  heat  when  it  flows  from  a  hot  point 
to  a  cold  point ;  but  that  when  a  current  is  flowing  through 
iron  it  absorbs  heat  when  it  flows  from  a  cold  point  to  a  hot 
point.  From  these  two  facts,  and  from  the  general  law  that 
energy  tends  to  run  down  to  a  minimum,  deduce  which  way  a 
current  will  flow  round  a  circuit  made  of  two  half-rings  of  iron 
and  copper,  one  junction  of  which  is  heated  in  hot  water  and  the 
other  cooled  in  ice. 


QUESTIONS  ON  CHAPTER  IX. 

1.  Give  the  reasons  which  exist  for  thinking  that  light  is  an 
electromagnetic  phenomenon. 

2.  How  is  the  action  of  magnetic  forces  upon  the  direction 
of  the  vibrations  of  light  shown?  and  what  is  the  difference 
between  magnetic  and  diamagnetic  media  in  respect  of  their 
magneto-optic  properties? 

3.  It  was  discovered  by  Willoughby  Smith  that  the  resistance 
of  selenium  is  less  when  exposed  to  light  than  in  the  dark. 
Describe  the  apparatus  you  would  employ  to  investigate  this 
phenomenon.  How  would  you  proceed  to  experiment  if  you 
wished  to  ascertain  whether  the  amount  of  electric  effect  was 
proportional  to  the  amount  of  illumination  ? 


QUESTIONS  ON  CHAPTER  X. 

I.  The  ends  of  a  coil  of  fine  insulated  wire  are  connected 
with  terminals  of  a  long-coil  galvanometer.     A  steel  bar-magnet 
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is  placed  sUmtly  into  the  hollow  of  the  coil,  and  then  withdrawn 
suddenly.  What  actions  will  be  observed  on  the  needle  of  the 
galvanometer  ? 

2.  Round  the  outside  of  a  deep  cylindrical  jar  are  coiled  two 
separate  pieces  of  fine  silk-covered  wire,  each  consisting  of  many 
turns.  The  ends  of  one  coil  are  fastened  to  a  battery,  those  of 
the  other  to  a  sensitive  galvanometer.  When  an  iron  bar  is 
poked  into  the  jar  a  momentary  current  is  observed  in  the 
galvanometer  coils,  and  when  it  is  drawn  out  another  moment- 
ary current,  but  in  an  opposite  direction,  is  observed.  Explain 
these  observations. 

3.  A  casement  window  has  an  iron  frame.  The  aspect  is 
north,  the  hinges  being  on  the  east  side.  What  happens  when 
the  window  is  opened  ? 

4«  Explain  the  construction  of  the  induction  coil.  What 
are  the  particular  uses  of  the  condenser,  the  automatic  break, 
and  the  iron  wire  core  ? 

5.  It  is  desired  to  measure  the  strength  of  the  field  between 
the  poles  of  an  electromagnet  which  is  excited  by  a  current  from 
a  constant  source.  How  could  you  apply  Faraday's  discovery 
of  induction  currents  to  this  purpose  ? 

6.  What  is  meant  by  the  term  ''extra-currents?''  A  small 
battery  was  joined  in  circuit  with  a  coil  of  fine  wire  and  a 
galvanometer,  in  which  the  current  was  found  to  produce  a 
steady  but  small  deflection.  An  unmagnetised  iron  bar  vreis 
now  plunged  into  the  hollow  of  the  coil  and  then  withdrawn. 
The  galvanometer  needle  was  observed  to  recede  momentarily 
from  its  first  position,  then  to  return  and  to  swing  beyond  it 
with  a  wider  arc  than  before,  and  finally  to  settle  down  to  its 
original  deflection.     Explain  these  actions. 

7.  In  what  respect  do  dynamo -electric  machines  differ  from 
magneto-electric  machines  ?  Where  does  the  magnetism  of  the 
field -magnets  come  frofi^in  the  former?  Where  does  the 
dynamical  energy  of  the  currents  come  from  in  the  latter  ? 

8.  The  older  magneto  -  electric  machines  produced  only 
intermittent  currents,  and  these  were  usually  alternating  in 
direction.  By  what  means  do  the  more  modem  magneto-electric 
generators  produce  currents  which  are  continuous  and  direct  t 
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9.  A  compass  needle,  when  set  swinging,  comes  to  rest 
sooner  if  a  plate  of  copper  is  placed  beneath  it  than  if  a  plate  of 
glass  or  wood  lies  beneath  it.     Explain  this  fact. 

10.  Explain  how  it  is  that  on  making  circuit  the  current 
rises  only  gradually  to  its  full  strength,  especially  if  there  are 
large  electromagnets  in  the  circuit. 

11.  Foucault  set  the  heavy  bronze  wheel  of  his  gyroscope 
spinning  between  the  poles  of  a  powerful  electromagnet,  and 
found  that  the  wheel  grew  hot,  and  stopped.  What  was  the 
cause  of  this  ?    Where  did  the  heat  come  from  ? 

12.  The  strength  of  the  field  between  the  poles  of  a  large 
electromagnet  was  determined  by  the  following  means : — A 
small  circular  coil,  consisting  of  40  turns  of  fine  insulated  wire, 
mounted  on  a  handle,  was  connected  to  the  terminals  of  a  long- 
coil  galvanometer  having  a  heavy  needle.  On  inverting  this  coil 
suddenly,  at  a  place  where  the  total  intensity  of  the  earth's  mag- 
netic force  was  '48  unit,  a  deflection  of  6**  was  shown  as  the  first 
swing  of  the  galvanometer  needle.  The  sensitiveness  of  the 
galvanometer  was  then  reduced  to  -^  by  means  of  a  shunt.  The 
little  coil  was  introduced  between  the  poles  of  the  electromagnet 
and  suddenly  inverted,  when  the  first  swing  of  the  galvan- 
ometer needle  reached  40°.  What  was  the  strength  of  the  field 
between  the  poles?  Ans,  3157  units. 


QUESTIONS  ON  CHAPTER  XL 

1.  It  is  foimd  that  a  single  Darnell's  cell  will  not  electrolyse 
acidulated  water,  however  big  it  may  be  made.  It  is  found,  on 
the  other  hand,  that  two  Daniell's  cells,  however  small,  vnll 
suffice  to  produce  continuous  electrolysis  of  acidulated  water. 
How  do  you  account  for  this  ? 

2.  When  a  gramme  of  zinc  combines  with  oxygen  it  gives 
out  1 30 1  heat-units.  When  this  zinc  oxide  is  dissolved  in 
sulphuric  acid  369  more  units  are  evolved.  To  separate  an 
equivalent  amount  of  copper  sulphate  into  sulphuric  acid  and 
copper  oxide  requires  5S8  heat -units  to  be  expended.  To 
separate  the  copper  from  the  oxygen  in  this  oxide  requires  293 
more  heat-units.  The  absolute  electro -chemical  equivalent  of 
zinc  is  0*003412  {sgeAtt,  212),  and  Joule's  dynamical  equivalent 
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of  heat  is  42  X  lo^     From  these  figures  calculate  the  electro- 
motive force  of  a  Daniell^s  cell. 

Arts,  1*1306  X  108  C.G.S.  units,  or 

1. 1306.  volt, 

3.  Explain  the  operation  of  charging  a  secondary  battery. 
What  are  the  chemical  actions  which  go  on  during  charging  and 
during  discharging  ? 

4.  Most  liquids  which  conduct  electricity  are  decomposed 
(except  the  melted  metals)  in  the  act  of  conducting.  How  do 
you  account  for  the  fact  observed  by  Faraday  that  the  amount 
of  matter  transferred  through  the  liquid  and  deposited  on  the 
electrodes  is  proportional  to  the  amount  of  electricity  trans- 
ferred through  the  liquid  ? 

5.  Describe  the  process  for  multiplying  by  electricity  copies 
of  engravings  on  wood-blocks. 

6.  How  would  you  make  arrangements  for  silvering  spoons 
of  nickel-bronze  by  electro-deposition  ? 

QUESTIONS  ON  CHAPTER  XII. 

1.  Sketch  an  arrangement  by  which  a  single  line  of  wire  can 
be  used  by  an  operator  at  either  end  to  signal  to  the  other ;  the 
condition  of  working  being  that  whenever  you  are  not  sending 
a  message  yourself  your  instrument  shall  be  in  circuit  with  the 
line  wire,  and  otU  ^circuit  with  the  battery  at  your  own  end. 

2.  What  advantages  has  the  Morse  instrument  over  the 
needle  instruments  introduced  into  telegraphy  by  Cooke  and 
Wheatstone  ? 

3.  Explain  the  use  and  construction  of  a  relay. 

4.  It  is  desirable  in  certain  cases  (diplex  and  quadruplex 
signalling)  to  arrange  telegraphic  instruments  so  that  they  will 
respond  only  to  currents  which  come  in  one  direction  through 
the  line.     How  can  this  be  done  ? 

5.  A  battery  is  set  up  at  one  station.  A  galvanometer  needle 
at  a  station  eighty  miles  away  is  deflected  through  a  certain 
number  of  degrees  when  the  wire  of  its  coil  makes  twelve  turns 
round  the  needle ;  wire  of  the  same  quality  being  used  for 
both  line  and  galvanometer.  At  200  miles  the  same  deflection 
is  obtained  when  twenty -four  turns  are  used  in  the  gal  van- 
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ometer-coil.  Show  by  calculation  (a)  that  the  internal  resist- 
ance of  the  battery  is  equal  to  that  of  40  miles  of  the  line-wire ; 
{d)  that  to  produce  an  equal  deflection  at  a  station  360  miles 
distant  the  number  of  turns  of  wire  in  the  galvanometer -coil 
must  be  40. 

6.  Suppose  an  Atlantic  cable  to  snap  off  short  during  the 
process  of  laying.  How  can  the  distance  of  the  broken  end 
from  the  shore  end  be  ascertained  ? 

7.  Suppose  the  copper  core  of  a  submarine  cable  to  part  at 
some  point  in  the  middle  without  any  damage  being  done  to 
the  outer  sheath  of  guttapercha.  How  could  the  position  of 
the  fault  be  ascertained  by  tests  made  at  the  shore  end  ? 

8.  Explain  the  construction  and  action  of  an  electric  bell. 

9.  Describe  and  explain  how  electric  currents  are  applied  in 
the  instruments  by  which  very  short  intervals  of  time  are 
measured. 

10.  Explain  the  use   of  Graham    Bell's  telephone   (i)   to' 
transmit  vibrations ;  (2)  to  reproduce  vibrations. 

11.  Describe  a  form  of  telephone  in  which  the  vibrations  of 
sound  are  transmitted  by  means  of  the  changes  they  produce  in 
the  resistance  of  a  circuit  in  which  there  is  a  constant  electro- 
motive-force. 

12.  Two  coils,  A  and  B,  of  fine  insulated  wire,  made  exactly 
alike,  and  of  the  same  number  of  windings  in  each,  are  placed 
upon  a  common  axis,  but  at  a  distance  of  10  inches  apart.  They 
are  placed  in  circuit  with  one  another  and  with  the  secondary  wire 
of  a  small  induction-coil  of  RuhmkorfiPs  pattern,  the  connections 
being  so  arranged  that  the  currents  run  round  the  two  coils  in 
opposite  directions.  A  third  coil  of  fine  wire,  C,  has  its  two 
ends  connected  with  a  Bell's  telephone,  to  which  the  experi- 
menter listens  while  he  places  this  third  coil  between  the  other 
two.  He  finds  that  when  C  is  exactly  midway  between  A  and 
B  no  sound  is  audible  in  the  telephone,  though  sounds  are 
heard  if  C  is  nearer  to  either  A  or  B.  Explain  the  cause  of  this. 
He  also  finds  that  if  a  bit  of  iron  wire  is  placed  in  A  silence  is 
not  obtained  in  the  telephone  until  C  is  moved  to  a  position 
nearer  to  B  than  the  middle.  Why  is  this  ?  Lastly,  he  finds 
that  if  a  disc  of  brass,  copper,  or  lead,  is  interposed  between  A 
and  C,  the  position  of  silence  for  C  is  now  nearer  to  A  than  the 
middle.     How  is  this  explained  ? 
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N.B. — 77u  Figures  refer  to  the  Numbered  Paragraphs, 


Absolute  Electrometer,  261 
Galvanometer,  aoo 
Measurements,  3253,  363,  364 
Units  of  Measw^ment,  255 

Accumulator,  47,  48,  266 

of    currents    (see    Secondary 
Batteries) 

Action  at  a  distance,  21,  56,  272 

Air  condenser,  48,  267 

Air,  resistance  of,  291,  325b 

Aldinit  Gievanni,  Experiments  on 
Aniinals,  229 

Amalgam,  electric,  41 

Amalgamating  zinc  plates,  162 

Amber,  i 

Amoeba,  the  sensitiveness  of,  230 

Am-meter,  200  i^is) 

Ampiret  Andri,  Theory  of  Electro- 
dynamics, 331,  334 
"Ampir^s  Rule,*  186 
Laws  of  Currents,  3^2 
su^ests  a  Teleg[raph,  423 
Table  for  Experunents,  333 
Theory  of  Magnetism,  338 
Ampere,  the,  323 

Angles,  Ways  of  Reckoning  129 
Solid,  133 

Animal  Electricity,  68,  231 

Anion,  2x0^ 

Annual  variations  of  magnet,  143 

Anode,  20^ 

Arc,  voltaic,  371 

AragOy  FranfMS  JeoHt 

classification  of  lightning,  304 
magnetisation  by  current,  326 
on  magnetic  action  of  a  voltaic 

current,  igx 
ou  magnetic  rotations,  40Z 


Armature  of  magnet,  zoz 

of  dynamo  •  electric   machine, 
407,  409,  410 
Armsfrvfi£-f  Sir  IVm.,  his  Hydro- 
electric Machine,  44 
Astatic  magnetic  needles,  X90 

Galvanometer,  190 
Atmospheric  Electricity,  64,  301,  306 
Attracted-disc  Electrometers,  261 
Attraction    and    repulsion    of  elec- 
trified bodies,  x,  3,   x8,  20, 
66,  236 
and  repulsion  of  currents,  331, 
and  repulsion  of  magnets,  76, 80 

Aurora,  Uie,  144,  145,  309 
Ayrton  {\V.  E.)  and  Perry  {John) 

on  contact  electricity,  72 

on  dielectric  capacity,  271 

value  of  "  v"  365 

am-meter,  200  (bis) 

voltmeter,  360  {d) 
Arimuth  Compass,  134,  136 


B.  A.  Unit  (or  ohm),  323,  363,  364 

Back  Stroke,  26,  304 

Bain's  Chemical  Writing  Telegraph, 

2X8 

Balance,  WheatsUm^s^  358 
Ballistic  Galvanometer,  204 
Bancalarion  diamagnetism  of  flames, 

344 
Battery  of  Leyden  Jars,  54 
Batteries,  voltaic,  154,  167,  182 
„      list  of,  X78 
secondary,  4x5 
Beccariat    Father   C,    on   electric 
distillation,  223 
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Beccariat  Father  G.,  on  atmosph^c 

electricity,  306 
Becffuerel,  Antffine  Cesar ^  on  atmo- 
spheric electricity,  307 
on  diamagnetism,  339 
Becquerelt  Edmonds  on  photo-voltaic 

current^  389 
Becquerelt  Henri,  on  magneto-optic 

rotation,  387 
Bellf  Alexander  Grakam,  his  Tele- 
phone, 435 
The  Photophone,  389 
Bells,  electric,  43a 
Bennefs  Doubler,  23 

Electroscope,  13,  25 
Bertsch's  Electric  Machine,  45 
Best  grouping  of  cells,  351 
Bichromate  Battery,  165 
Bifilar  Suspension,  zz8,  262,  336 
Biot,  Jean  Bapiiste,  Expeximent  with 
hemispheres,  ^    ,     , 
Law  of  magnetic  distribution, 

on  atmospheric  electricity,  307 
Bismuth,   diamagnetic  properties  of, 

87f  313*  339 
Blasting  by  electricity,  286,  370 

Blood,  diamagnetism  of,  339 

Boracite,  67 

"Bound"  electricity,  24,  149  {foot- 
note) 

Boltxmanny  on  Dielectric  capacity, 
270,  271,  390 

B(^le,  Hon.  Robert,  on  electrical 
attraction,  2 

Branched  circuit,  353 

Breaking  a  magnet,  zo6 

Breath-figures,  297 

Bridge,  Wheatstone*s,  358 

British  Association  Unit,  323,   364, 

365. 

Brugmans^  discovers  magnetic  repul- 
sion of  bismuth,  339 

Brush  discharge,  290 

Brush's  dynamo-electric  machine,  41 1 

Bunsefis  Battery,  172 


C 

Cable,  Atlantic,  274  {footnote),  275, 
296,  429 
submanne,  429 

„         as   condenser,   274, 
296,  430 
Cabot,  Sebastian^  on  magnetic  de- 
clination, 136^ 
Cailletet  on  resistance  of  air,  291 
Calibration  of  Galvanometer,  198 


Cailan*s  Battery,  172 
Callauds  Battery,  176 
Canton,  John,  discovers  Electrostatic 
Induction,  x8 

on  Electric  Amalgam,  41 
Candle,  electric,  373 
Capacity,  definition  of,  246 

measurement  of,  362 

of  accumulator  or  condenser, 
50,  267,  277 

of  conductor,  37,  47,  247,  277 

of  Lcyden  Jar,^  50,  267 

specific  inductive,  21,  49,  268, 
272 

unit  of  ^electrostatic),  247 

unit  of  (practical),  276 
Capillary  Electrometer,  225,  265 
Carnivorous  Plants,  sensitive  to  elec- 
tricity, 230 
Carri,  A,  Dielectric  machine,  45 

on  magnets  of  cast  metal,  97 
Cascade  arrangement  of  Jars,  279 
Cautery  by  electricity,  369 
Cavallo    Tiberius,    lus   attempt   to 
teleeraph,  423 

his  pith-ball  electroscope,  3 

on  a  fireball,  304 

on  atmosphenc  electricity,  302, 

306 
Cavendish,    Hon.    H.,   on   Specific 
Inductive  capacity,  268,  269 
on    nitric   acid   produced   by 
sparks,  286 
Ceca,  Father,  on  atmospheric  elec- 
tricity, 306 
Cell,  voltaic,  152 
Charge,  electric,  7 

resides  on  surface,  37 
residual  of  Leyden  Jar,  53,  372 
Chart,  magnetic,  136,  169 
Chemical  actions  in  die  battery,  159 
laws  of^  166,  2ZX,  4x7 
of  spark  discharge,  286 
outside  the  battery,  205,  412 
Chemical  test  for  weak  currents,  218, 

286 
Chimes,  electric,  43  ^ 
Chronograph,  electric,  433 
Circuit,  152 

simple  and  compound,  x8x 
Claries  (ftatimer)  standard  cell,  177 
Clausius,  R.,  theory  of  Electrolysis, 

418 
Cleavage,  electrification  by,  60 
Clocks,  electric^  433 
Cobalt,  magnetism  of,  86 
Coefficient  of  Magnetic  induction,  89. 

313 
of  mutual  induction,  397 
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Cocrdve  force.  89 

Colour  of  spark,  280 

Columbust  Cristo/erOt  on  magnetic 

variation,  136 
Combustion  a  source  of  electrification, 

62 
Commutator,  375,  309,  407 
Compass  (magnetic),  Mariner^s,  79, 

134 
Compound  circuit,  zBi 

Condensation,  48 

Condensers,  48,  267 

standard,  276 

use  of,  275 
Condensing  electroscope,  71,  149 
Conduction,  27,  158 

by  liquids,  205 

of  gases,  Z58 
Conductivity,  158^  346,  348 
Conductors  and  Non-conductors,  8,  27 
Consequent  Poles,  Z04,  Z09 
Contact  Electricity,  tz,  Z49 

Series  of  metak,  72 
Continuous  electrophorus,  23,  45 
Convection  of  Electricity,  45,  337 
Convection-currsnts,  properties  of,  337 
Convection-induction  machines,  45 
Convection-streams  at  points,  35  (a), 

43,  249 
Cooling  and  heating  of  jtmction  by 

current,  380 
Cost  of  power  derived  from  electricity, 

378 
Cffulombf  Torsion  Balance,  z5,  ZZ9 

Law  of  Inverse  Squares,   z6, 
ZZ7,  ZZ9,  23s,  24s 

on  distribution  of  charge,  35, 248 

Coulomb,  the,  323 
Couple,  magnetic,  123 
CroofceSt    WiUiamt    on   shadows   in 
electric  discharge,  293 

on    repulsion    from    negative 
electrode,  300 
Crown  of  cups,  z5z 
Cruickshank's  Trough  Battery,  169 
Crystals,  elecUicity  of,  66 

dielectric  properties  of,  270 

magnetism  of,  343 
Crystallisation,  6z 
Cwnmin^s  phenomenon,  382 
Cufuu^  discovery  of  Leyden  Jar,  52 
Current,  eflfects  due  to,  z^3 
Current  Electricity,  Z47 

strength  of,  Z58,  Z79 

„        unit  of,  Z96 
Current-reverser  (see  Commutator) 
Current  sheets,  340 
Curvature  affects  surface-density,  35, 
349 


Curves,    magnetic    (see    MagneHe 

Figures) 
Cutkbertson*s  Electric  machine,  38, 

389 
Cylinder  Electrical  machine,  39 


Daily  variations  of  magnet,  Z43 
DaUbard*s  lightning-rod,  302 
DeutieWs  Battery,  170 
Dtuvys  {Marti)  Battery,  Z7S 
Davy,  Sir  Humphrey t  magnetisation 
by  current,  326 


discovers  electric  light,  371 
X)lyses   caustic   alkalii 

417  (<^; 

TiMaU  magnetic  writing,  zzz 


es. 


electrolyses   caustic 

17(4 
JDe  Haidaty  magnbuw  ^it^m^^  ».m.m. 
De  la  Rives  Floating  Battery,  194 
DelaRue,  Chloride  of  Silver  Battery, 
Z74,  29Z 

on  electrotyping,  420 

on  length  el  spork,  291 
Declination,  Magnetic,  Z36 

variations  of,  Z36,  Z4T 
Decomposition  of  water,  206,  4Z3 

of  alkalies,  4Z7 
Deflections,  method  of,  zz8,  Z23,  325a 
Delinumris  electrometer,  260 
Density  (surface)  of  charge,  35,  248 

magnetic,  Z27,  31Z 
Dewar,  James,  on  currents  generated 
by  li^ht  in  the  eye,  231 

his  capillary  electrometer,  225 
Diagram,  thermo-electric,  383 
Diamagnetic  polarity,  343 
Diamagnetism,  87,  339 

of  flames,  344 

of  gases,  340 
Diaphra^;m  currents,  224 
Dielectric  capacity  (see  Specific  If» 
ducHve  Capacity') 

strain,  56,  273 

strength,  284 
Dielectrics,  8,  ^9,  270 
Differential  Galvanometer,  303 
Dimensions  of  Units  (see  Uuits) 
Dip,  or  Inclination,  137 

variation  of,  Z4z 
Diplez  signalling,  428 
Dipping  Needle,  Z37 
Discharge  affected  by  magnet,  294 

brush,  43 

by  evaporation,  333 

by  flame,  7,  29Z 

conductive,  382 

convective,  43,  283 

disruptive,  a8x 
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Discharge  affected  by  points,  43,  290, 
30a 

effects  of,  43,  384,  286 

electrical,  7,  280 

clow,  2^,  302  {/ooiuote) 

limit  of;  248 

sensitive  state  of,  294 

velocity  of,  296 
Discharger,  Discharging-tongs,  51 

Universal,  54 
Disruption  produces  electrification,  60 
Dissectable  Leyden  Jar,  55 
Dissipation  of  Charge,  299 
Distillation,  electric,  223 
Distribution  of   Electricity,  28,   35, 
248,  249 

of  Current^  240 

of  Magnetism,  104,  122 
Divided  Circuit,  353 

Touch,  93 
Dolbeat's  Telephone,  436 
Doubler,  23,  45 
Double  Touch,  94 
Dry-Pile,  182,  264 
Duboscq^s  Lamp,  372 
Du  Fays  experiments,  4,  97 
Duplex  Telegraphy,  275,  428 
Duration  of  Spark,  296 
Duter  on  Electric  £xi)ansion,  273 
Dynamic    Electricity   (see    Current 

Electricity) 
Dynamo-electric  machines,  408 
Dyne,  the  (unit  of  force),  255 


E 

Earth,  the,  a  magnet,  88 
currents,  275,  403 
electrostatic  capacity  of,  325b 
intensity  of  magnetisation,  313 
magnetic  moment  of,  325b 
used  as  return  wire,  423 

Earth's  magnetism   (see  Terrestrial 
Magnetism) 

Edison,  T'.i^Ar^/va,  electric  lamp, 
374 ;  steam-dynsimo,  41X  (b) 
carbon  telephone,  436 
meter  for  currents,  2x6 
quadruplex  telegraphy,  428 

Edlundon  gsilvanic  expansion,  221 

Eel,  electric  (Gymnotus),  68 

Electrics,  I 

Electric  Air-Thermometer,  388 
Cage,  34 
Candle,  373 
Clocks,  ^33 
Distillation,  223 
(Frictional)  machines,  39 


Electric  Egg,  the,  392 

Expansion,  273 

Force,  155  (Jbotnote),  241 

Fuze,  286,  370 

Images,  250 

Kite,  302 

Lamps,  379 

Light,  371 

Mill  or  Fly,  43 

Oscillations,  295 

Osmose,  222 

Pistol,  286 

Shadows,  293 

Shock,  226 

Wind,  43 
Electricity,  theories  of,  6,  300 
Electro-capillary  phenomena,  225 
Electro-chemiciu  equivalents,  211,  21a 
Electro-chemistry,  4x2 
Electrodes,  207 

unpolarisable,  231 
Electrodynamics,  331 
Electrodynamometer,  336,378  {bis.) 
Electrolysis,  208 

laws  of,  2XX,  4x4,  4x7 

of  copper  sulphate,  209 

of  water,  207,  413 

theory  of,  4x4 
Electrolytes,  207,  4x^ 
Electrolytic  convection,  4x8 
Electromagnets,  08,  326 

laws  of,  ^28 
Electromagnetic  engines  (motors),  375 
Electromagnetics,  310 
Electromagnetic  theory  of  Light,  390 
Electromagnetism,  326 
Electrometallurgy,  4x9 
Electrometer,  absolute,  261 

attracted-disc,  261 

capillary,  225,  265 

DellmaniCsy  260 

divided-ring,  7X 

Peltiet^Sf  260,  307 

portable,  261 

quadrant  {^Sir  W.  Tkoimofii^^ 
262 

repulsion,  960 

torsion,  X5 

trap-door^  261 
Electromotive-force,  155 

measurement  of,  360 

unit  of,  322,  323 
Electromotors,  375 
Electro-Optics,  385 
Electrophorus,  22 

continuous,  23,  45 
Electroplating,  422 
Electroscopes,  xx 

Bohnenbergef*St  13,  064 
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Electroscopes,  Bennefs  gold-leaf,  131 

25 
•  Fecknet'Sf  ^64 
Gavgaiiis  dischar^gtng,  259 
^'^Se^f  straw-ne^le,  12 
HankeVs,  264 
HenUj^s  quadrant,  14 
Pith-ball,  2,  3 
Volids  condensing,  71,  149 
Electrostatics,  7,  233 
Electrptyping,  430 
Energy  of  charge  of  Leyden  Jar,  270 

of  electric  current,  378 
Equator,  Magnetic,  78 
Equipotentialsurfaces,  243,  310  (f) 

magpietic,  310 
Equivalents,  electro-chemical,  2x2 
Erg,  the  (unit  of  work),  255 
Evaporation  produces  electrification, 
.63,  303 
dischai^ge  by,  233 
Everett^  James  D.,  on  atmospheric 
electricity,  307 
on    exact  readmg  of  galvan- 
ometer, 202  {footnote)^ 
on  intensity  m  magnetisation 
of  earth,  ^13 
Expansion,  electric^  273,  386 
Extra-current  (self-mducedX  404 


P 


Failure  and  exhaustion  of  batteries, 

160 
Fall  of  Potential  along  a  wire,  263, 357 
Farad,  the  (unit  of  capacity),  276,  323 
Faraday^  Michael^  molecular  theory 
of  electricity,  6 
chemical  theory  of  cell,  x66 
dark  discharge,  290 
Diamagnetism,  33^,  340,  34^ 
discovered  inductive  capacity, 

21,  269,  271 
Discovery  of  magneto -induc- 
tion, 391 
Electro-magnetic  rotation,  ^75 
experiment  on  dielectric  polar- 
isation, 272 
,auze-bag  experiment,  31 
loUow-cube  experiment,  31 
ice-pail  experiment,  34 
laws  of  electrolysis,  2x1,  2x4 
Magnetic  lines-of-force,  xo8,402 
on  Aragds  rotations,  40X 
on  dissipation  of  charge,  29X 
on  identity  of  different  kinds  of 

electricity,  2x7,  ax8,  286 
Voltameter,  2x4 
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Faraday,   Michael,    Magneto -optic 

discovery,  387 
predicted  retardation  in  cables, 

274 
iP<«»/v'j  Secondary  Battery,  415 

Favr/s  experiments  on  Heat  of  Cur- 
rents, 368 
Fechners  electroscope,  364 
Feddersen,   IV.,  on  electric  oscilla- 
tions, 296 
Ferromagnetic  substances,  339 
Field,  magnetic,  X05,  191,  313 
Figures,    magnetic   (see    Magnetic 
figures) 
electric,  297 
Fire  of  St.  Elmo,  302  {footnote) 
Flame,  currents  o^  29  x 

diamagnetism  of,  344 
dischaj^e  by,  7,  291 
produces  electrification,  62 
Fleming's  Battery,  x82 
Fontana  on  electric  expansion,  373 
Force,  electric,  155  (jootnote),  341, 
251,  252 
magnetiCi    83,   155  (Jootnote), 

3»5a       . 
electromotive,  155 
Foucaulfs  Regulator  Lamp,  372 

Interruptor,  398 
Franklin,  ^  Benjttmin,      discovered 
action  of  points,  mentioned 
in,  35  (c),  43i  302 
cascade  arrangement  of  Leyden 

Tarsj  270 
Electric  Qiimes,  43 
Electric  Kite,  ^02 
Electric  portraits,  388 
his  charged  pane  of  glass,  47 
invents  Lightning  Conductors, 

kiUs  turkey  by  electric  shock, 
226 

One-fluid  theory  of  Electricity, 
6 

on  seat  of  charge,  55 

theory  of  the  Aurora,  309 
'*  Free*'  electricity,  24,  149  (jfbotnote) 
Friction  produces  electrification,  x,  xo 
Frog's  legs,  contractions  of,  148,  239 
Fromenfs  Electromotor,  375 
Fuze,  electric,  286,  370 


Gahtani,  Aloysiits,  observed  morO' 
ments  of  frc^s  leg,  X48 
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Gabfoni,  Aloynutt  on  preparation  of 
frog's  limbs,  a2^ 
on  Animal  Electncity,  231 
Galvanic     Batteries     (see      Voltaic 
Batteries) 
Electricity  (sec  Current  Elec- 
tricity) 
Taste,  227 
Galvanism  (see  Current  Electricity) 
Galvanometer,  1Q7 
absolute,  200 
astatic,  198,  231 
ballistic,  204 
constant  of,  200 
differential,  203 
Du  Bois  Reynumd^Sf  231 
HelmAoltsfSy  zoo 
reflecting  {Sir  W".  TkomsorCi)^ 
^  or  mirror,  20a 
sine,  201 
tangent,  199 
Galvanoplastic  (see  Electroty^ng^ 
Galvanoscope,  x88 
Cras  Battery,  416 
Gases,  resistance  of,  158 
Gassiotf  /.  P  ,00.  stria,  294,  300 
Gaugainj  Jean  Mothiey  dischaiging 
electroscope,  259 
on  Pyroelectricity,  66 
Tangent  Galvanometer,  199 
Gauss t  F.y  mvented  absolute  measure- 
ment, 325a 
magnetic    moment    of    earth, 

325b 
magnetic  observations,  3x3 
Gay^  Lussac,  on  atmospheric  elec- 
tricity. 307 
Geissler  s  tubes,  29X 
Gemez  on  electric  distillation,^  223 
Gibson   and  Barclay   on  dielectric 

capacity  of  paraffin,  270 
GiU^rtf     Dr.^   IVilliam,    discovers 
electrics,  z 
discovered  magnetic  reaction, 

83 
discovers  that  the  earth  is  a 

magnet,  88,  X35 
heat  destroys  magnetism,  99 
his    balanced  -  needle   electro- 
scope, X2 
observation  of  moisture,  9 
observations  on  magnets,  78 
on   de- electrifying   power    of 

flame,  2^z 
on  magnetic  figures,  zo8 
on  magnetic  substances,  85 
on  magnetic  permeability,  84 
on  methods  of  magnetisation, 

96f  97 


Gilding  by  Electricity,  43Z 

Globu&r  lightning,  304 

Glow  Discharge,  290,  302  {footnote) 

Glowing  of  wires,  369 

Gold-1^  Electroscope  (see  Electrth 

scope) 
GordonyJ.  E,  H.,  on  magneto-optic 
rotatory  power,  387 
on  dielectric  capacity,  270,  27Z 
on  length  of  spark,  29Z 
Grammes  dynamo-«Iectric  machine, 

410 
Gravitation  Battery,  X76 
Gray,  Stephen,  discovers  conduction, 

27 
on  lightning,  302 
Grotthusd  theory,  x6o,  4x8 
Grove,    Sir  IViliiam  R,^    his    G>as 
Battery,  4x6 
Graves  Battery^,  Z7X 
magnetic  experiment,  zz3 
en  electric  property  of  Flam^ 
291 
(^ard-ring.  Guard-plate,  348,  96x 
Guericke,  Otto  von,  discovered  elec- 
tric repulsion,  3 
invents  electric  machine,  38 
observes  electric  sparks,  9 
Gunpowder  fired  by  electricity,  286, 

288,  370 
Gymnotus  (electric  eel),  68,  2x8 


Halts  phenomenon,  337 
HahkeVs  electroscope,  264 
Harris,    Sir   W.    Snow,   his    unit 
Leyden  jar,  959 
attracted  •  disc     electrometer, 

261 
on  length  of  spark,  291 
Heat,  effect  of,  on  magnets,  99,  zoo 
„  batteries,  X83 

„  conductivity,  349 

Heating  effects  of  currents,  171,  366, 
380 
due  to  magnetisation,  1x3,  40Z 
effect  of  sparics,  288 

,.    dielectric  stress,  279 
local,  at  electrodes,  4:17'  - 
HelmholtZf    Hermann    LT  F.,    on 
effect  of  current  on  sigh^  228 
Electrolytic  convection,  4x8 
Equations  of    Self-inauction, 

405 
Ckdvanometer,  Z99 
Henry,      Joseph,      invented      the 
"  sounder,"  423 
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Henry ^  Joteih^  on  induced  currents  of 

higner  orders,  406  ^ 
HqSm,  IV..  his  electric  machine,  46 
on  electric  shadows,  393  {jhot- 

note) 
on  tubes  having  unilateral  re- 
sistance, 300 
Hopkinsofij  John,  on  dielectric  cap- 
acity of  glass,  370 
on   residuaa    charge    and    its 
return,  53,  272 
Horizontal  component  of  magnetism, 

Hughes,  David  Edwardf  the  Print- 
ing Teleeraph,'423 
the  Microphone,  437 
Humboldt f  Alexander  von,  on  elec- 
tric eels,  68 
discovers  galvanic  anell,  228 
produced  electric  contractions 
in  fishes,  339 
Hunter,    Dr.    JoUn,   on    effect  of 

current  on  sight,  228 
Hydroelectric  machine,  44 


Images,  electric,  2^0 
Incandescent  electric  lights,  374 
Inclination  (or  Dip),  137 

variation  01,  141 
Index  Notation,  335b 
Induced  charges  of  electricity,  18 

currents,  391 
Induction  (eUctrottatic)  of  charges, 
z8 

(magnetic)  lines  oi,  89  ^ 

(magnetic)  of  magnetism,  89, 

3*3 

„         coefficient  of,  34a 

(magneto^Uctfic)  of  currents, 

.  391 
Induction-c(ul  or  Inductorium,  398 

Induction-convection  machines,  45 
Inductive-capacity,  specific,  sz,  49, 

368,  373 
Insulators,  8,  37 
Intensity  of  current,  179^ 

of  earth's  magnetic  force,  138, 

385* 
of  magnetic  field,  313 
of  magnetisation,  3x3 
Inverse  Squares,  Law  of;  z6, 1Z7, 335, 

845 
Inversion,  Thermo-dectric,  383 
Ions,  3IO 

Isodinic  lines,  Z39 
Isogenic  lines,  139 


Ja£ohit  Moritz  Hermann,  on  local 
action,  163 
discovers   galvanoplastic    pro- 
cess, 430 
his  boat  propelled  by  electricity, 

375 
theory  of  electromotors,  377 
Jahlochkoj^,  Paul,  his  battery,  z83 

electric  candle,  373 
Jar,  Leyden,  sz 

capacity  of,  50,  367,  377 
cascade  arrangement  of, 

379 
discharge  of,  51,  395 
discovery  of,  53 
energy  of  charge  of,  378 
seat  of  charge  of,  55 
ntark  of,  289,  396 
theory  of,  367 
Unit,  359 

JenJdn,  Fleeming,  on  cable  as  con- 
denser, 374 
on  magnetic  saturation,  338 
on  retardation  in  cables,  396 
Joule^  James  Prescott,  on  effects  of 
magnetisation,  1Z3 
Law  of  Heat  of  Current,  367 
Mechanical  equivalent  of  Heat, 

255,  4Z4 
on  atmospheric  electricity,  306 
on    lifting -power   of  eleotro- 
magnet,  330 
/MvZf-effect,  the,  380,  367 


Kathodb,  907 
Kation,  3zo 
Keeper,  zoz 

Kerr,  Dr.  John,  Electro -optic  dis- 
coveries, 3;r3,  386 
Magneto-optic  discoveries,  1x4, 
388 
Kinnersley,  Elijah,   Electric  Ther- 
mometer, 388 
KirchhojS^,  Gustav,  Laws  of  Branched 

Circuits,  353  ^ 
Kite,  the  electric,  303 
Kohlrausch,  F.,  on  residual  diarge, 
373 
on  electro-chemical  equivalent, 
3zz  (footnote) 


Lambllar  magnetisation,  107 
G 
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Laminated  magnets,  95 

Law  of  Inverse  squares,  16,  zzj,  935, 

Leakage,  rate  of,  399 

Leclanchi^s  Battery^  173 

Le    BaUUf  on     diamagnetism     of 

antimony,  31^ 
Lemonnier    discovers     atmosi^ieric 

electricity,  306 
Length  of  spark,  391 
Len£s  Law,  396 

alcohol  calorimeter,  367 
Leyden  Tar  (see  /«r) 
Lichtenoergfs  figures,  997 
Lifting-power  of  magnets,  103 

of  electromagnets,  330 
Light  affects  resistance,  389 

Electric,  371 

Electromagnetic  theory  of,  365, 

poUu^sed,  rotated  by  magnet, 

^ .  .,  "4,  387,  388 
Lightnmg,  9,  302,  304 

conductors,  32,  305 

duration  of,  sgHS,  304 
Lines-of-force,  electric,  243 

due  to  currents,  191,  327,  334 

magnetic,  89,  108, 
Ltp^manK,    G.,    CapilL 

meter,  225,  265 
Liquids  as  conductors,  205 

resistance  of,  348 
"  Local  Action"  in  batteries,  x6i 


___,  310,  312 
ipillary   Electro- 


Lodestone, 


(( 


l^-'^ 


Long-coil    instruments,  352 


Loss  of  Charge,  z^,  299 
Louis  XV.  dfectnfies  700  monks,  226 
LulUr^s  experiment,  285 
Luminous  effects  of  spark,  289,  400 


M 

Machine,  Electric,  38 

convection-induction,  45 

cylinder,  39 

dynamo-electric,  408 

JJoU^s,  46 

hydro-nelectrical,  44 

invention  of,  38 

magneto-electric,  407 

plate,  44 

IVinterSy  40 
Magne-crystallic  action,  343 
Magnet,  breaking  a,  106 
Magnets,  natural  and  artificial,  76, 

77»  3a<5 
Magnetic  actions  of  current,  184,  318, 
326,  327,  334 


Magnetic  attraction  and  repulsicm,  80^ 
zxo 
cage,  84 
curves,  zo8,  X9X 
field,  xos,  191,  3x2,  327 
figures,  108,  X09,  xxo,  19X 

,,      theory  of,  X26 
fluids,  alleged,  ox 
force,  83,  310  (e) 

measurement     of,    zx8, 


i» 


3«Sa 
idu< 


inductioa,  89 

„        coefficient  of,  349 
iron  ore,  76 
lines-of-force,  89,  xo8,  109,  xxo, 

3x6 
lines-of-fdrce  of  current,  'Z91, 

3*>.  3*7 
maps,  139 

meridian,  X36 

metals,  86,  339 

moment,   123   {fitoinoie^   3x3, 

needle,  7^9,  X34 

oxide  of  iron,  76,  172  (JootttoU) 

paradox,  a,  X28 

pole,  unit,  X25 

potential,  3x0,  3x4,  3x5 

{HTOof-plane,  402 

saturation,  xo2 

„        Bgei»t  on,  1x5  i/9»i' 
Hote\  328  (e) 

screen,  84 

shell,  107,  X99,  3XX  (A) 
„     force  due  to,  X27 
„     potential  due  to,  X37,  3x5 

storms,  145,  309 

sabstances,  85,  339 

tmits,  32X 

writing,  XXX 
Magnetisation,  coefficient  of,  89,  3x3. 

340 
intensity  of,  313 

lamellar,  X07 

mechanical  effects  of,  1x3 

methods  of,  93-98,  326 

solenoidal,  X07  - 

sound  of,  XX3,  434 

time  needed  for,  324  (e) 

Magnetism,  76 

action  of,  on  light,  XX4,  387 

caused  by  heat,  98 

destruction  of,  99 

distribution  of,  X04 

of  gases,  339,  387 

lamellar,  107 

laws  of,  81,  xx<^  3x0 

permanent,  90,  3x3 

residuaL  X02 
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Magnetism,  solenoidal,  107,  314 

temporary,  go,  zoa,  313 

terrestrial,  88,  135 

theories  of,  91,  1x5,  338 

unit  of,  125 
Magnetite,  76 
Magneto-electricity,  74,  391 
Magneto-electric  induction,  391 

machines,  407 
Magnetographs,  146 
Magnetometer,  124 

self-re^tering,  146 
Magneto-optic  Rotations,  387 
Magnets,  artificial,  77 

compound,  95 

forms  of,  xoi 

lamellar,  107 

laminated,  95 

methods  of  making,  92-98 

natural,  76,  lox 

power  of,  103 
Mance  s  method,  36X 
Maps,  magnetic,  139 
Mariner's  Compass,  134 
Marked  pole,  80 

Mascartf    E.,    on    self- registering 
apparatus,  288 

on  atmospheric  electricity,  308 
Matttucdt   Carlo,  on  physiological 
effects,  68,  230 

on      electromotive  -  force      in 
muscle,  23Z 
Maynooth     Battery    (see     CaUatis 

Battery) 
MaxTuell,    James    Clerky    Electro- 
magnetic theory   of  Light, 

337,  36$,  390 
on  Electric  Images,  250 
on  protection  from  Lightning, 

32,  30s 
on  residual  charge  of  jar,  272 
on  self-repulsion  of  circuit,  334 
rule  for  action  of  current  on 

magnet,  103,  3x^7 
Theorem   of  equivalent  Mag- 
netic shell,  X92,  3x8 
Theory  of  Magnetism,  1x5 
Measurements,  electrical,  355-363 

magnetic^xS,  325a 
Mechanical  effects  of  X)ischarge,  284, 

effects  of  magnetisation,  1x3 
„      in  dielectric,  272 
Medical  Applications  of  Electricity, 

332,  3^ 
Megohm,  323 

MetdingersD9XttrY,  176 
Meridian,  Magnetic,  X36 
Metallo-chromy,  432 


Micro&rad  condenser,  276 
Microphone,  the,  437 
Milli-amp^re,  323 

Mimosa,  the,  electric  behaviour  of,  230 
Minotto's  Battery,  176 
Mirror  Galvanometer,  203 
Moisture,  effect  of,  x,  8,  29^ 
Molecular  theory  of  Electric  action,  6 

actions  of  current,  221 
Moment  of  Couple,  X23 

of  inertia,  325a 

magnetic,  123  (yootncie\  325a 
Morse  Telegraph  instrument,  425 
Mouse-mill  (see  Repienishet^ 
MiUler,  Johannes,    on   strength   of 

electromagnets,  328 
Multiplier,  Schweigget^s,  X89 
Muscular  contractions,  229,  231 
Mussckenbroek,     Peter    van,     dis- 
covery of  Leyden  Jar,  52 

on  Magnetic  Figures,  xxo 
Mutual  Induction,  coefficient  of,  320, 

397 
Mutual  Potential,  coefficient  of,  320 


N 


Napoleon  III.'sJBzXtety,  x82 
Needle,  magnetic,  79 
Needle  Telegraph,  424 
Negative  electrification,  4,  300 
Newton,  Sir  Isaac,  observations  on 
action  and  reaction,  83 
bis  lodestone,  X03 
suggests  electric  origin  of  light- 

nmg,  9,  302 
suggests     glass    for     electric 
machines,  38 
Niaudefs  Battery,  Z73 
NoHHt  Leopoldo,  on  muscular  con* 
tractions,  68 
on  currents  of  animal  electricity, 

23X 
discovers  NobiWs  rings,  422 
Non-conductors,  8 
Non-electrics,  2 
North  and  south,  8x,  135 
North  magnetic  pole,  the,  8z,  135 


Null  methods,  263 


Oersiedt,Hans  Chrisiiatt,  discovers 
magnetic  action  of  current,  X84, 
X85,  ipi 

Okfpt,  Dr.  G.  S.,  X79 


€t 


Ohm's  Law,"  x8o,  345 


452 


INDEX. 


Ohm,  the,  or  unit  of  resistance,  333 

,,  determination  of,  364 
One-fluid  theory  of  electricity,  6 
Optical  strain,  electrostatic,  386 

electromagnetic,  387 


>t 


Oscillations,  electric,  39^ 

method  of  (for  electrostatics), 

I30 {footnote),  335 
method  of  (for  magnetic  mea- 
surement), ISO,  X3X,  133,  325a 
Osmose,  electric,  222 
Other  sources  of  electricity  than  fric- 
tion, 10,  57 
Ozone,  30^,  398,  303  {footnote 


Page,  Charles  G.,  discovers  magnetic 

sounds,  113 
Pandlel  currents,  laws  of,  333 
Paramagnetic,  339 

"  Passive"  state  of  iron,  172  (yooinote) 
Peltier,  AtAanase,  his  electrometer, 
260,  307 
heating  effect  at  junctions,  380 
theory  of  thunderstonns,  303 
Penetrative  power  of  discharge,  284 
Periodicity  of  aurora  and  magnetic 

storms,  144,  145,  309 
Perry  and  Ayrton  (see  Ayrlon  and 

Perrv) 
Pile,  Voltaic,  150 
Pith-ball  electroscope,  s,  3    ^ 
Phosphorescence  caused  by  discharge, 

293 
Photo -voltaic  property  of  selenium, 

389 
Photophone,  389  ^ 

Physiological  actions,  336,  387 
Plane,  the  proof-,  39 

,,  for  magnetism,  403 

Plants,  Gaston,  his  secondary  bat- 
teries, 415 

on  globular  lightning,  304 
Plants,  electricity  01,  69,  330 
Plate  condenser,  48,  36^  377 

electrical  miachine,  40 
PlOcker,  Julius,  on  magne-crystallic 

action,  343 
Po^ndorff,J.  C,  his  battery,  165 
Pomts,  density  of  charge  on,  35,  249 

discharge  at,  39,  43,  43,  349 
Polarity,  diamagnetic,  343 

magnetic,  82,  zo^  115 
Polarisation  (electrolytic)  in  battery 
cells,  163,  414 

of  Voltameter,  272,  413,  4x5 

remedies  for,  165 


Polarised  light  rotated  by  magnetic 
forces,  387 
relay,  428 

Poles  of  magnets,  78,  133 

of  pyroelectric  crystals,  66 
of  Voltaic  battery,  154 

Porrefs  phenomenon,  322 

Portable  electrometer,  261 

Portative  force,  103 

Positive  and  negative  electrification, 

4, 300      ,  ^ 

Potential,  electric,  37,  237 

„         zero,  37,  339 
magnetic,  wo,  314,  315 

„        due  to  ciurent,  318 
mutual,  of  two  circuits,  319, 
320 
Pouillet,  Claude  S.  M.,  sine  galvan- 
ometer, 201 
tangent  ^galvanometer,  199 
Power,  transmission  of,  376 
Practical  Units,  323 
Preece,    WilUam.  Henry,  on  space 

protected  from  lightning,  305 
Pressure  produces  electrification,  65 
Priestley,  Joseph,  on  electric  expan- 
sion, 273 
Prime  conductor,  39 
Printing  telegraphs,  433 
Proof-iuane,  20 

„      (magnetic),  ^03 
Poisson   on   magnetism  m  crystals 

343 
Protoplasm,  electric  property  of,  331 
Pyroelectricity,  66 


Q 

Quadrant     electrometer     {Sir    W, 
Thomson^s),  262 
electroscope  {HenUys),  14 
(^uadruplex  telegraphy,  428 
"Quantity"   arrangement   of   cells, 
etc.,  z8x 
of  electricity,  umt  of,  17,  336 
Quetelet,  E.,  on  atmospheric   elec- 
tricity, 308 
Quincke,  Georg,  on  diaphragm  cur- 
rents, 334 
on  electric  expansion,  373 
on  electro  -  optic   phenomena, 
386 


Ray,  electric  (torpedo),  68 
Recovery,  elastic,  272 
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Redistribution  of  charge,  36 
Reflecting  galvanometer,  203 
Registering  magnetographs  and  elec- 
trometers, 1^6,  307 
ReiSf  PhitiPt  invention  of  tel^hone, 

434. 
Relation  between  currents  and  mag- 
nets, 184,  3x8,  326,  391 
between  current  and  energy, 

378 
between  current  and  heat  and 
light,  366 
Relays,  426 

Replenisher,  45,  a6x,  262 
Repulsion  and  attraction  of  electrified 
bodies,  i,  3,  x8,  20,  66,  236 
and  attraction,  experiments  on, 

and  attraction  gl  currents,  331 
and  attraction  of  magnets,  76, 
80 
Repulsion  electrometers,  260 
Residual  charge  of  Leyden  jar,  53,  272 
„      of  cable,  274,  430 
„      of  Voltameter,  272, 

magnetism^  xo2 
Resinous  electricity,  4 
Resistance,  27,  158,  xro,  346 

absolute  unit  of,  363,  364 

affected  by  temperature,  349 
„         light,  389 
„         sound,  436 

as  a  velocity,  363 

bridge  or  balance,  358 

coils,  359 

internal,  of  cell,  x8i,  350 
„        „  measurement 

of,  361 

laws  of,  347 

measurement  of,  356 

of  fi[ases,  158,  348  > 

of  liquids,  158,  349 

specific,  348 
Retardation    of    currents     through 

cables,  274,  296,  4^ 
Retentivity  (magnetic),  90,  313 
Return  shock  or  stroke,  26,  304 
Reytnondf  Du  Boisy  his  galvanometer, 
231 

on  animal  electricity,  231 

unpolarisable  electrodes,  231 
Rheocora,  356 
Rheostat,  356 
Rheometer,   \ 

Rheoscope,    >  uefootnoie  to  197 
Rheotrope,    ) 
RUss^  PeUr^  on  electric  distribution, 

35 


Ri4SSi  Peter^  on  length  of  sparki  291 
electric  thermometer,  288  (foot- 
note) 
Ritchie's  electromotor,  375 
RitttTf  Jokann  Wilhelvt,  on  action 
of  current  on  sight,  228 
his  secondary  pile,  4x5 
on  subjective  galvanic  sounds, 

230 
on  uie  sensitive  plant  {Mimosd^t 
230 
Rolling  friction,  xo 
Romagnosii  Dr.^  discovers  magnetic 

action  of  current,  x8^ 
RomaSf  De^  his  electric  kite,  302 
Ronalds f  Sir  Francis,  invented-  a 

telegraph,  423 
Rotations,  dectromagnetic,  335 

Aragds^  401 
Rowland,  Henry  A .,  on  magnetic 
effect  of  electric  convection,  337 
on  intensity  of  magnetisation, 

Rukmkorff*^  induction  coil,  398 
commutator,  399 
electromagnet,  339 


8 


St  Elmo's  fire,  302  {footnote) 

Salts,  electrolysis  of;  4x7 

Sanderson,  J.  Burdon,  on  electric 
sensitiveness  of  carnivorous  plants, 
231 

Sawdust  battery,  158^  X76 

Schweigget's  multiplier,  X89 

Seconda^  batteries,  X78,  4x5 

Secular  variations  of  magnetic  ele- 
ments, 141 

Seebecf^s  discovery  of  thermo-elec- 
tricity, 370 

Selenium,  photo-voltaic  properties  of, 

Self-mductjon  of  circuit,  404 
Self-recording  apparatus,  14^,  a88, 307 
Self-rg;>ulsion  of  currept,  334 
Sensitive  plant,  bdiaviour  of,  230 
Series,  umon  of  cells  in,  171 
Shadows,  electric,  293 
Sheet  conductor,  flow  of  electricity 

in,  354 
Shell,  magnetic  (see  Magnetic  Shell) 
Shock,  electric,  226 

of  current,  226 
"Short-coil"  instruments,  352 
Shunt,  2Q2 
Siemens,  Carl  Wilhelm,  on  heating 

effect  in  Leyden  jar,  372 
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Siemens,  Carl  WUhelni,  his  dynamo- 
electric  machine,  409 

his  longitudinal  armature,  407 
Sight  affected  by  current,  328 
Simrus,  the,  68 
Sine  galvanometer,  soz 
Single  touch,  92 
Single-fluid  cells,  169 
Siphon-recorder,  431 
Stnee's  Battery,  16^,  169 
Soap-bubble,  electrified,  3 
Solenoid,  327 

magnet,  314 
Solid  angles,  133 
Solidification,  61^ 
Sound  of  magnetisation,  1x3 
Sounder,  the,  42^  ^ 
Soiu-ces  of  electricity,  zo,  57 
Spark,  9,  43^  281 

duration  of,  296 

length  of,  44,  29Z,  302 
Specific  resistance,  348 

inductive  capacity,  2z,  49,  268, 
272 
Speed  of  signalling,  27^  375,  396,  430 
Sphere,  distribution  of  charge  over 

35(a),  248,  240 
Spottistuoode,  Ivilltamf  on  stnae,  2^4 
Stewartt   Bal/our,   on   atmospheric 
electricity,  308 

on  magnetic  storms^  Z44 
Storms,  magnetic^  Z45 
Standsu^  of  resistance  (see  Resist- 
ance Coils) 
Strain,  dielectric,  56 
Strength  of  current,  Z58,  Z79 

, ,  in  magnetic  mea- 

sure, Z95,  Z96 
Strength  of  magnet  pole,  102 

of  magnetic  shell,  3Z5 
Striae  in  vacuum  tubes,  292,  294 
Sturg^eonf    W.,  invents  the  electro- 
magnet, 336 
Submarine  telegraphs,  439 
Sulzet's  experiment,  227 
Symtner^  on  two  kinds  of  electrifica- 
tion, 4 
Surface-density  of  charge,  35,  248 

limit  of,  248 

of  magnetism,  127,  3zz 
Swamnurdan^s  frog  experiment,  229 
Swan's  electric  lamp,  374 
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Tait,  Peter  Gutkrie,  electrification 
by  evaporation  of  sulphate  of  copper 
solution,  63 


Taii,  Peter  Guthrie,  thermo-electric 
diagram,  383 

Tangent  galvanometer,  Z99 

Taste  affected  by  current,  227 

Telegraph,  electric,  423 

Bain*s  chemical,  218 
Morse's  instrument,  425 
needle  instrument,  424 

Telegraphy,  diplex,  428 
duplex,  428 
quadruplex,  428 
submarine,  429 

Telephone,  Philip  Reis's,  434 
currents  of,  229 
Dolbear's.  436 
Edison's  (carbon),  436 
Graham.  Bell's  (articulating), 

435 
Varleys  (condenser),  272. 

Temperature  affiects  resistance,  X83 

^  affected  by  resistance,  369 
Tension  of  electrostatic  forces,   248 

{footnote) 
Terquem,    A.,   parrot-cage   experi- 

ment,  3X 
Terrestrial  Magnetism,  88,  X35 
Test  for  weak  currents  (chemitail),  3x8, 
286 
for  weak  currents  (physiologi- 
cal), 229 
Testing  for  faults,  427 
Tetanisation  product  by  interrupted 

currents,  230 
Theories  of  Electricity,  6,  300,  and 

preface,  ix. 
Theories  of  Magnetism,  91,  zz5 

„      AmfMs,  338 
„'      Maxwell's,  zxs 
Theory  of  Electrolysis,  Joule's,  4x4 

Grotthus^s  and  Clausiu^s,  418 
Thermo-electric  currents, ) 
Thermo-electricityj  f  7o»  379. 

Thermo-electric  Diagram,  383 
Thermo-electromoUve  Series,  383 
Thermo-pile,  384 

Thompson,    Silvanus    PhilUpz,    on 
magnetic  figures  due  to  cur- 

on  Maenetic  wntmg,  xiz 

on  Nooili's  rings,  422 

on     Positive     and     Negative 

states,  300 
on  opacity  of  Tourmaline,  390 
(Jbotnote) 
Thomson^   Joseph  /.,    on    Contact 

Electricity,  73  ;  value  of  "  v,"  365 
Thomson,    Sir    fVilliam^    the    Re- 
plenisher  (or  Mouse-Mill),  45,  261, 
262 
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Thomson^  Sir   William.,    Proof  of 
Contact  Electricity,  yx 
Attracted  •  disc  Electrometers, 

261 
Divided-ring  Electrometer,  71 
Electric    convection    of    Heat 
(the  "  Thomsonr^Stct"),  383 
Mirror  Galvanometer,  202,  431 
Modified  Z>a«{V//'f  Battery,  176 
on  atmospheric  electricity,  306 
on  Electnc  Images,  250 
on  length  of  spark,  291 
on    nomenclature    of  Magnet 

Poles,  81  i/ootnote) 
on  sounds  in  condensers,  2^2 
predicts    electric    oscillations, 

295  {_  footnote) 
Quadrant  Electrometer,  262 
Siphon  Recorder,  ^31 
Thermo-electric  Diagram,  383 
Water-dropping  Collector,  307 
Thunder,  9,  304 
lliunderstorms,  302 

Theory  of,  303 
Tinfoil  Condensers,  47,  275 
Tongs,  Dischar^ng-,  51 
Torpedo  (electnc  fish),  68,  218 
Torpedoes,  fuzes  for  firing,  286,  370 
Torsion  affected  by  magnetisation,  113 
Torsion  Balance,  or     )     {Coulomb's) 
Torsion  Electrometer  )         15,  Z19 
Total  action  of  magnet,  325a 
Tourmaline,  66,  297,  390  {Jootnote) 
Transmission  of  Power  by  Electricity, 

376 
Tubes  of  force,  243,  3x1 
Two-fluid  cells,  170 
Two-fluid  theory,  6 
Two  kinds  of  Electrification,  4,  5 
„    Magnetic  poles,  8z 
TyndcUly  Johfiy  on  diamagnetic  polar- 

''^'  34"         .  11-        .• 
on  magne-crystallic  action,  343 


Unit  Jar,  259 

Unit  (Electrostatic)  of  Electricity,  X7, 
236 

(Electrostatic)  of  Capacity,  247 

Magnetic  Pole,  125 

of  difference  of  potential,  242 


322,  323 
FElec 


of  Electromotive-force,  322,  323 
of  Resistance,  322,  323 
of  Strength  of   Current,   196, 
32a,  323 


Units,    Fundamental   and.  Derived, 

^.254»  ?SS 

dimensions  of,  258,  32^ 

Electrical  (Electrostatic),  257 

Electromagnetic,  322,  323 

Magnetic,  32X 

Physical  Dimensions  of,   258, 

.„  324.  351 

Practical,  323 
Universal  Dischsu-ger,  54 
Uret  Dr.t  on  Animal  Electricity,  229 


place 


"»,'*  values  of,  365,  390 
Vacuum,     induction      takes 
tlurough,  56,  84,  89 
partial,  spark  in,  9,  292 
spark  will  not  pass  through, 
291 
Vacuum-tubes,  292 
"  Variation,"  die  (see  DecUnatum) 
Variation  of  Declination   and    Dip, 
secular,  X41 ;  annual,  143  ;  diurnal, 
142 ;  geographical,  X36 
Varley,  C,  F.^  his  Telephone,  27a 
Vegetables,  Electricity  of,  69 

carnivorous,    sensitiveness   of, 
230 
Velocity  of  Discharge,  296 

of  Electricity  (alleged),  296 
of  Light,  365,  390 
Verde  fs  Constant,  387 
Vibration  produces  Electrification,  59 
Vitreous  electricity,  4 
Volt,  the,  323 
VoltafAUssandrOt  his  Electrophorus, 


22 


Condensing   Electroscope,  71, 

149 
Contact  Series,  72 
Crown  of  Cui»,  15X 
on  Atmospheric  Electricity,  307 
on  Contact  Electricity,  71,  148 
on  Electric  Expansion,  273 
on  Electrification  due  to  com- 
bustion, 62 
Subjective     Sounds     due     to 

Current,  228 
Voltc^s  Law,  72,  X48,  X56 
Voltaic  Pile,  150 
Voltaic  Electricity  (see  Current  Elec- 
tricity) 
Arc,  37X 

Battery,  154,  X67;  Pile,  xs© 
Cell,  simple,  X5a 
Voltameter,  214,  215,  3x6 
Voltmeter,  360  {d) 
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Water,  Electrolysis  of,  206,  4x3 
NVebcr,  the  333 

Webevt  IVUheltHi  the  Electro-dyna 
mometer,  3^6 
on  diamagnetic  polarity,  342 
Wheatstone^    Sir  Charles^    on   the 
brush  discharge,  290 
Automatic  Tel^;Taph,  433 
Dynamo -electric  Madunes,  408 
on  supposed  velocity  of  elec- 

triaty,  296 
IVheatston^s  Bridge  or  Bal- 

ancci  358 
Wiedemanni    Gustavo  on  effect   of 
magnetism  on  torsion,  X13 


IVtedematm^    GustaVf    on   diamag- 

netism  of  platinum,  ^39 
Wilde t  Henry ^  Electric  Candle,  373 
Magneto-electric  Machine,  407 
Wind,  Electric,  43 
WdhUf^s  Cell,  183 
WolUuUnis  Battery^  169 
W'AUner  on  dielectric  capacity,  370 


Zambom's  Dr^  Pile,  13,  182,  364 
ZoHottit  experunent  on  grasshopper, 

329 
Zero  Potential,  37,  939 
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Edition.    Crown  8vo.    3s.  6d. 

The  Transit  of  Venus.      By   G.   Forbes,   M.A.,   Professor  of 

Natural  Philosophy  in  the  Andersonian  University,  Glasgow.     Illustrated. 
Crown  8vo.    3s.  6a. 

The  Common  Frog.    By  St.  George  Mivart,  F.R.S.,  Lecturer 

in  Comparative  Anatomy  at  St.  Mary's  Hospital.    With  numerous  Illustra- 
tions.    Crown  Bvo.    3s.  6d. 

Polarisation  of  Light.    By  W.  Spottiswoode,  F.R.S.     With 

many  Illustrations.     New  Edition.     Crown  Bvo.    3s.  6d. 

On  British  Wild  Flowers  considered  in  Relation  to  Insects.    By 

Sir  John  Lubbock,  M.P.,  F.R.S.     With  Illustrations.     New  Edition. 
Crown  8vo.    4s.  6d. 

Flowers,  Fruits,  and  Leaves.     By  Sir  John  Lubbock,  Bart., 

F.R.S.,  M.P.,  D.C.L.,  LL.D.    With  Illustrations.     Crown  8vo.    4s.  6d. 

The  Science  of  Weighing  and  Measuring,  and  the  Standards  of 

Measure  and  Weight.      By  H.  W.  Chisholm,  Warden  of  the  Standards. 
With  numerous  Illustrations.    Crown  8vo.    4s.  6d. 

How  to  Draw  a  Straight  Line :  a  Lecture  on  Linkages.  By  A. 
B.  Kempb.    With  Illustrations.    Crown  Svo.    is.  6d. 

Light :  a  Series  of  Simple,  Entertaining;,  and  Inexpensive  Experiments 
in  the  Phenomena  of  Light.  By  A  l£  Mayes  and  C  Barnard.  With 
Illustrations.     Crown  dvo.    ss.  6d. 

Sound :  a  Series  of  Simple,  Entertaining,  and  Inexpensive  Experi- 
ments in  the  Phenomena  of  Sound,  for  the  use  of  Students  of  every  age.  By 
Professor  A  M.  Maybr.    With  numerous  Illustrations.    Crown  Svo.    3s.  6a. 

Seeing  and  Thinking.    By  Professor  W.  K.  Clifford,  F.R.S. 

With  Diagrams.    Crown  Svo.    3s.  6d. 

Degeneration.    By  Professor  E.  Ray  Lankester,  F.R.S.    With 

Illustrations.    Crovm  Svo.    ss.  6d. 

Fashion  in  Deformity,  as  Illustrated  in  the  Customs  of  Barbarous 
and  Civilised  Races.  By  Professor  Flowbr.  With  Illustrations.  Crown 
Svo.    3S.  6d. 

The    Scientific   Evidences   of   Organic   Evolution.     By  G.  J. 

Romanes,   M.A.,   LL.D.,   F.R.S.,  Zoological  Secretary  to  the  Linnean 
Society.    Crown  Svo.    2s.  6d. 

On  the  Colour  of  Flowers,  as  illustrated  in  the  British  Flora.  By 
Grant  Allen.    With  Illustrations.    Crown  Svo.    as.  6d. 

Charles -Darwin.  Memorial  Notices  by  Professor  Huxley, 
P.R.S.,  G.  J.  Romanes,  F.R.S.,  Archibald  Geikib,  F.R.S.,  and  W.  T. 
Thiselton  Dyer,  F.R.S.  Reprinted  from  Nature.  With  a  Portrait 
engraved  by  C.  H.  Jeens.    Crown  Svo.     2s.  6d. 

The  Chemistry  of  the  Secondary  Batteries  of  Plants  and  Faure. 

By  J.  H.  Gladstone,  Ph.D.,  F.R.S.,  and  Alfred  Tribe,  Sc.  Inst.   Crown 
Svo.    as.  6d. 
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SCIENCE  PRIMERS.  Under  the  joint  Editorship  of  Professors 
Huxley,  Koscob,  and  Balfour  Stewart.  In  z8mo,  cloth.  With  Illus- 
trations.   Price  xs.  each. 

Introductory  Primer.    By  T.  H.  Huxley,  F.R.S. 
Chemistry.     By  Sir  H.  E.  Roscoe,  F.R.S.     With  Questions. 
Physics.    By  Balfour  Stewart,  F.R.S.    With  Questions. 
Geology.    By  Archibald  Geikie,  F.R.S. 
Physical  Geography.    By  Archibald  Geikie,  F.R.S.    With 

Questions. 

Physiolofiry.    By  Professor  Michael  Foster,  M.D.,  F.R.S. 
Astronomy.    By  J.  N.  Lockyer,  F.R.S. 
Botany.    By  Sir  J.  D.  Hooker,  K.C.S.I.,  C.B.,  F.R.S. 
Logria    By  W.  Stanley  Jevons,  LL.D.,  M.A.,  F.R.S. 
Political  Economy.    By  W.  Stanley  Jevons,  M.A.,  LL.D., 

F.R.S. 

%*  Others  in  preparation. 

HISTORY  AND  LITBRATURE  PRIMERS.  Edited  by  John 
Richard  Green,  M.A..  LL.D.,  Author  of  A  Short  History  of  the  English 
PtopUt  etc.    xSmo,  dotn.    Price  zs.  each. 

Homer.    By  the  Right  Hon.  W.  E.  Gladstone,  M.P. 

English  Grammar.    By  the  Rev.  R.  Morris,  LL.D. 

Exercises  on  Morris's  Primer  of  English  Grammar.     By 
J.  Wbthbrbll,  M.A. 

Rome.    By  the  Rev.  M.  Creighton,  M.A.     With  Maps. 

Greece.    By  C.  A.  Fyffe,  M.A.     With  Maps. 

English  Literature.    By  Stopford  Brooke,  M.A. 

Europe.    By  E.  A.  Freeman,  D.C.L.,  LL.D.,  M.A.     With 

Maps. 
Greek  Antiquities.    By  J.  P.  Mahaffy,  M.A.     Illustrated. 
Roman  Antiquitiea    By  Prof.  A.  S.  Wilkins.     Illustrated. 
Classical  Geography.    By  H.  F.  Tozer,  M.A. 
Geography.    By  Sir  Geo.  Grove,  D.C.L.,  F.R.G.S.     Maps. 
Children's  Treasury  of  Lyrical  Poetry.    By  F.  T.  Palgrave. 

In  Two  Parts,  each,  zs. 

Shakspere.    By  Prof.  Dowden,  LL.D. 

Philology.    By  J.  Peile,  M.A. 

Greek  Literature.     By.  Prof.  Jebb,  M.A.,  LL.D. 

English  Grammar  Exercises.    By  R.  Morris*  LL.D.,  and 

H.  C.  BowBN,  M.A. 
English  Composition.    By  Prof.  Nichol. 
France.    By  Charlotte  M.  Yonge.    With  Maps. 

%*  Others  in  preparation. 
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ON  LIGHT.  Being  the  Burnett  Lectures,  delivered  in  Aberdeen  in 
1883-1884.  By  George  Gabriel  Stokes,  M.A.,  F.R.S.,  &c.  First  Course. 
ON  THE  NATURE  OF  LIGHT.  —  Second  Course.  ON  LIGHT  AS 
A  MEANS  OF  INVESTIGATION.— Third  Course.  ON  THE  BENE- 
FICIAL EFFECTS  OF  LIGHT.     Crown  8vo.    as.  6d.  each. 

SCIENCE  LECTURES  AT  SOUTH  KENSINGTON. 
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MANCHESTER  SCIENCE  LECTURES  FOR  THE  PEOPLE. 
Eighth  Series,  1876-7.     Complete  in  One  Volume.     Crown  8vo, 

cloth.      2S. 

Easy  Iiessons  in  Heat.    By  Miss  C.  A.  Martineau.    Illustrated. 

Extra  fcap.  Svo.    ss.  6d. 

First  Lessons  on  HecQtli.  By  J.  Berners.  New  Edition. 
z8mo.    zs. 

Tales  in  Political  Economy.  By  Millicent  Garrett  Fawcett. 

Globe  8vo.    3s. 

First  Lessons  in  Book- Keeping.     By  J.  Thornton.     New 

Edition.    Crown  8vo.    as.  6d. 

The  object  of  this  volume  is  to  make  the  theory  of  Book-keeping  sufficiently 
plain  for  even  children  to  understand  it. 

Sketching  tcom.  Nature.  A  Handbook  for  Students  and  Amateurs. 
By  Tristram  J.  Ellis.  With  a  Frontispiece  and  Ten  Illustrations,  by  H. 
Stacy  Marks,  R.A,  and  Twenty-seven  Sketches  by  the  Author.  Crown 
Svo.    ss.  6d.    (Art  at  Home  Series.) 

By  HENRY  TANNER,  F.C.S.,  M.R.A.C.,  Examiner  in  the 
Principles  of  Agriculture  under  the  Government  Department 
of  Science. 

The  Principles  of  Afirricultiire :  a  Series  of  Reading-Books  for 

use  in  Elementary  Schools,  prepared  by  Professor  Tanner.    Extra  fcap.  8vo. 

I.  The  Alphabet  of  the  Principles  of  Agriculture.    6d. 
II.  Further  Steps  in  the  Principles  of  Agriculttire.     zs. 
III.  The  Principles  of  Agriculture,  Third  Stage,    is. 

Elementcury  Chemical  Arithmetia  With  1 100  Problems.  By 
SvDNBY  Lupton,  M.A.,  Assistant  Master  in  Harrow  School.  .  Globe  Svo.   5s. 

Numerical  Tables  and  Constants  in  Elementary  Sdenca 
By  Sydney  Lupton.    Extra  fcap.  Svo.    as.  6d. 
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Applied  Mechanics :  an  Elementary  General  Introduction 
to  the  Theory  of  Structures  and  Machines.  By  Jambs  H.  Cottbrill, 
F.R.S.    Medium  8vow     z8s. 

The  Mechanical  Theory  of  Heat.  By  R.  Clausius.  Trans- 
lated by  Walter  R.  Browne,  M.A.,  late  Fellow  of  Trinity  College, 
Cambridge.    Crown  Svo.     zos.  6d. 

The  Kinematics  of  Machinery:   Outlines  of  a  Theory  of 

Machines.  By  Professor  F.  Rbuleaux.  Translated  and  Edited  by  A.  B. 
W.  Kennedy,  C£.,  Professor  of  Civil  and  Mechanical  Engineering  in 
University  College,  London.    With  450  Illustrations.    Medium  Svo.    ais. 

An  Elementajry  Treatise  on  Heat  in  Relation  to  Steam  and 

the  Steam  Engine.  By  G.  Shann,  M.A  With  numerous  Illustrations. 
Crown  Svo.    4s.  6d. 

Metals  and  their  Chief  Industrial  Applications.    By  Charles 

R.  Alder  Wright,  D.Sc.,  etc.  Lecturer  on  Chemistry  in  St.  Mary's 
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W.  E.  Langdon,  Engineering  Superintendent  of  Post  Office  Telegraphs. 
With  numerous  Illustrations.     Extra  fcap.  Svo.    4s.  6d. 

Blowpipe  Analysia  By  J.  Landauer.  Authorised  English 
Edition  by  J.  Taylor  and  W.  E.  Kay,  of  Owens  College,  Manchester. 
Extra  fcap.  Svo.    4s.  6d. 

Units  and  Physical  Constanta  By  J.  D.  Everett,  F.R.S., 
Professor  of  Natural  Philosophy,  Queen's  College,  Belfast.  Eictra  fcap. 
Svo.    4s.  6d. 
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CLASSICS. 

ELEMENTARY    CLASSICS. 

i8mo,  Eighteenpence  each. 

This  Series  falls  into  two  Classes — 

(i)  First  Reading  Books  for  Beginners,  provided  not 
only  with  Introductions  and  Notes,  but  with 
Vocabularies,  and  in  some  cases  with  Exercises 
based  upon  the  Text 

(2)  Stepping-stones  to  the  study  of  particular  authors, 
intended  for  more  advanced  students  who  are  beginning 
to  read  such  authors  as  Terence,  Plato,  the  Attic  Dramatists, 
and  the  harder  parts  of  Cicero,  Horace,  Virgil,  and 
Thucydides. 

These  are  provided  with  Introductions  and  Notes,  but 
no  Vocabulary.  The  Publishers  have  been  led  to  pro- 
vide the  more  strictly  Elementary  Books  with  Vocabularies 
by  the  representations  of  many  teachers,  who  hold  that  be- 
ginners do  not  understand  the  use  of  a  Dictionary,  and  of 
others  who,  in  the  case  of  middle-class  schools  where  the 
cost  of  books  is  a  serious  consideration,  advocate  the 
Vocabulary  system  on  grounds  of  economy.  It  is  hoped 
that  the  two  parts  of  the  Series,  fitting  into  one  another, 
may  together  fulfil  all  the  requirements  of  Elementary  and 
Preparatory  Schools,  and  the  Lower  Forms  of  Public 
Schools. 
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4  MACMILLAN'S  EDUCATIONAL  CATALOGUE. 

The  following  Elementary  Books,  with  Introductions, 
Notes,  and  Vocabularies,  and  in  some  cases  with 
Exercises,  are  either  ready  or  in  preparation: — 

Aeschylus.— PROMETHEUS  VINCTUS.     Edited  by  Rev.  H, 
M.  Stephenson,  M.A.  [Ready. 

Caesar— THE  gallic  war.     book  I.     Edited  by  A.   S. 
Walpole,  M.A.  [Ready. 

THE  INVASION  OF  BRITAIN.  Being  Selections  from  Books 
IV.  and  V.  of  the  "  De  Hello  Gallica"  Adapted  for  the  use  of 
Beginners.  With  Notes,  Vocabulary,  and  Exercises,  by  W. 
Welch,  M.A.,  and  C.  G.  Duffield,  M.A.  [Ready. 

THE  GALLIC  WAR.  BOOKS  IL  AND  IIL  Edited  by  the 
Rev.  W.  G.  Rutherford,  M.A.,  LL.D.,  Head-Master  of  West- 
minster School.  ■    [Ready. 

THE  GALLIC  WAR.  SCENES  FROM  BOOKS  V.  AND  VL 
Edit^  by  C.  Colbeck,  M.A.,  Assistant-Master  at  Harrow ; 
formerly  Fellow  of  Trinity  College,  Cambridge.  [Ready. 

Cicero.—DE  SENECTUTE.  Edited  by  E.  S.  Shuckburgh, 
M.A.,  late  Fellow  of  Emmanuel  College,  Cambridge.       [Ready. 

DE  AMICITIA.     By  the  same  Editor.  [Ready. 

STORIES  OF  ROMAN  HISTORY.  Adapted  for  the  Use  of 
Beginners.  With  Notes,  Vocabulary,  and  Exercises,  by  the  Rev. 
G.  £.  Jeans,  M.  A.,  Fellow  of  Hertford  College,  Oxford,  and 
A.  V.  Jones,  M.A.,  Assistant- Masters  at  Haileybury  College. 

[Ready. 

EutropiuS. — Adapted  for  the  Use  of  Beginners.  With  Notes, 
Vocabulary,  and  Exercises,  by  William  Welch,  M.A.,  and  C. 
G.  Duffield,  M.A.,  Assistant-Masters  at  Surrey  County  School, 
Cranleigh.  [Ready. 

Homer. — ILIAD.  book  I.  Edited  by  Rev.  John  Bond,  M.A., 
and  A.  S.  Walpole,  M.A.  [Ready. 

ILIAD.  BOOK  XVni.  THE  ARMS  OF  ACHILLES.  Edited 
by  S.  R.  James,  M.  A.,  Assistant-Master  at  Eton  College.  [Ready, 

ODYSSEY.  BOOK  I.  Edited  by  Rev.  John  Bond,  M.A.  and 
A.  S.  Walpole,  M.A.  [Ready. 

Horace.— ODES.  BOOKS  L— IV.  Edited  by  T.  E.  Page,  M.  A., 
late  Fellow  of  St.  John's  College,  Cambridge  ;  Assistant- Master 
at  the  Charterhouse.    Each  is.  6d.  [Ready. 
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Livy.— BOOK  I.  Edited  by  H.  M.  Stephenson,  M.A.,  Head 
Master  of  St.  Peter's  School,  York.  [Ready, 

THE  HANNIBALIAN  WAR.  Being  part  of  the  XXT.  and 
XXII.  BOOKS  OF  LIVY,  adapted  for  the  use  of  beginners, 
by  G.  C.  Macaulay,  M.A.,  Assistant-Master  at  Rugby  ;  formerly 
FeUow  of  Trinity  College,  Cambridge.  [Ready. 

THE  SIEGE  OF  SYRACUSE.  Being  pait  of  the  XXIV.  and 
XXV.  BOOKS  OF  LIVY,  adapted  for  the  use  of  beginners. 
With  Notes,  Vocabuktty,  and  Exercises,  by  George  Richards, 
M.A.,  and  A.  S.  Walpole,  M.A.  [Ready. 

Lucian. — selections.  -rEdited,  with  Notes,  Exercises,  and 
Vocabulary,  by  Rev.  John  Bond,  M.A.,  and  A.  S.  Walpole, 
M.A.  [In  tlu  press, 

Nepos. — SELECT  LIVES  OF  CORNELIUS  NEPOS.  Edited 
for  the  use  of  beginners  with  Notes,  Vocabularly  and  Exercises, 
by  G   S.  Farnell.  [In  preparation. 

Ovid.~S ELECTIONS.  Edited  by  E.  S.  Shuckburgh,  M.A. 
late  Fellow  and  Assistant-Tutor  of  Emmanuel  College,  Cambridge. 

[RecLdy, 

PhsedruS.— SELECT  fables.  Adapted  for  the  Use  of  Be- 
ginners. With  Notes,  Exercises,  and  Vocabularies,  by  A.  S. 
Walpole,  M.A.  [Ready, 

Thucydides.— THE  RISE  OF  the  Athenian  empire. 

BOOK  L  cc.  LXXXIX.  —  CXVIL  and  CXXVIIL  -- 
CXXXVIII.  Edited  with  Notes,  Vocabulary  and  Exercises,  by 
F.  H.  Colson,  M.A.,  Senior  Classical  Master  at  Bradford 
Grammar  School ;  Fellow  of  St.  John's  Colkge,  Cambridge. 

[Ready, 

Virgil.— ^NEID.     BOOK  I.    Edited  by  A.  S.  Walpole,  M.A. 

[Ready, 

iENEID.    BOOK  V.    Edited  by  Rev.   A.  Calvert,  M.A.,  lae 

Fellow  of  St.  John's  College,  Cambridge.  [Ready, 

SELECTIONS.    Edited  by  E.  S.  Shuckburgh,  M.A.       [Ready. 

Xenophon.— ANABASIS.      BOOK    I.      Edijted     by    A.     S. 

Walpole,  M.A.  [Ready, 

SELECTIONS    FROM    THE    CYROPiEDIA.       Edited,    with 

Notes,   Vocabulary,   and  Exercises,  by  A.    H.   Cooke,   M.A., 

Fellow  and  b^curer  of  King'^  CoUege,  Cambridge.        [Ready, 

The  following  more  advanced  Books,  with  Introductions 
and  Notes,  but  no  Vocabulary,  are  either  ready,  or  in 
preparation : — 

Cicero.— SELECT  letters.  Edited  by  Rev.  G.  E.  Jeans, 
M.A.,  Fellow  of  Hertford  College^  Oxford,  and  Assistant-Master 
at  Haileybury  College.  [Ready, 
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Euripides.— HECUBA.  Edited  by  Rev.  John  Bond,  MA. 
and  A.  S.  Walpole,  M.A.  [jReady, 

Herodotus.— SELECTIONS  FROM  BOOKS  VL  AND  VIL, 
THE  EXPEDITION  OF  XERXES.  Edited  by  A.  H.  Cooke, 
M.  A.,  Fellow  and  Lecturer  of  King's  College,  Cambridge.  [Ready, 

Horace.  —  selections    from   the   satires   and 

EPISTLES.  Edited  by  Rev.  W.  J.  V.  Baker,  M.  A.,  Fellow  of 
St.  John's  College,  Cambridge  ;  Assistant-Master  in  Marlborough 
College.  [Heady, 

SELECT  ERODES  AND  ARS  POETICA.  Edited  by  H.  A. 
Dalton,  M.  a.,  formerly  Senior  Student  of  Christchurch ;  Assistant- 
Master  in  Winchester  College.  [Ready, 

Livy.— THE  LAST  TWO  KINGS  OF  MACEDON.  SCENES 
FROM  THE  LAST  DECADE  OF  LIVY.  Selected  and  Edited 
by  F.  H.  Rawlins,  M.A.,  Fellow  of  King's  College,  Cambridge; 
and  Assistant-Master  at  Eton  College.  [In  the  press, 

Plato.— EUTHYPHRO  AND  MENEXENUS.  Edited  by  C.  E. 
Graves,  M.A.,  Classical  Lecturer  and  late  Fellow  of  St.  John's 
College,  Cambridge.  [Ready, 

Terence.— SCENES  FROM  THE  ANDRIA.  Edited  by  F.  W. 
Cornish,  M.A.,  Assistant-Master  at  Eton  College.  [Ready, 

The  Greek  Elegiac  Poets.—  from  callinus  to 

CALLIMACHUS.  Selected  and  Edited  by  Rev.  Herbert 
Kynaston,  D.D.,  Principal  of  Cheltenham  College,  and  formerly 
Fellow  of  St.  John's  College,  Cambridge.  [Ready. 

Thucydides. — BOOK  iv.  Chs.  l— xli.    THE  capture 

OF  SPHACTERIA.     Edited  by  C.  E.  Graves,  M.A.     [Ready. 

Virgil. — GEORGICS.    BOOKIL   Edited  by  Rev.  J.  H.  Skrine, 

M.A.,  late  Fellow  of  Merton  Collie,  Oxford;  Assistant-Master 

at  Uppingham.  [Ready, 

%*  Other  Volumes  to  follow. 

CLASSICAL    SERIES 
FOR    COLLEGES    AND    SCHOOLS. 

Fcap.  8vo. 

Being  select  portions  of  Greek  and  Latin  authors,  edited 

with  Introductions  and  Notes,  for  the  use  of  Middle  and 

Upper  forms    of   Schools,   or    of   candidates  for    Public 

Examinations  at  the  Universities  and  elsewhere. 

^SChines. —  in    CTESIPHONTEM,       Edited    by    Rev.    T. 
GwATKiN,  M.A.I  late  Fellow  of  St.  John's  College,  Cambridge^ 

[In  thepress^ 


CLASSICAL  SERIES. 


.ffischylus,  —  PERS^.  Edited  by  A.  O.  Prickard,  M.A. 
Fellow  and  Tutor  of  New  College,  Oxford.     With  Map.     3J.  6d. 

AndocideS.— DE  MYSTERIIS.  Edited  by  W.  J.  HiCKiE,  M.A., 
formerly  Assistant  Master  in  Denstune  College.    2s,  6d, 

Caesar. — the  gallic  war.  Edited,  after  Kraner,  by  Rev. 
John  Bond,  M.A.,  and  A.  S.  Walpole,  M.A.         [In  the  press, 

Catullus.— SELECT  POEMS.  Edited  by  F.  P.  Simpson,  B.A., 
late  Scholar  of  Balliol  College,  Oxford.  New  and  Revised 
Edition.  5^.  The  Text  of  this  Edition  is  carefully  adapted  to 
School  use. 

Cicero.— THE  CATILINE  orations.  From  the  Qerman 
of  Karl  Halm.  Edited,  with  Additions,  by  A.  S.  Wilkins, 
M.A.,  LL.D.,  Professor  of  Latin  at  the  Owens  College,  Manchester. 
Examiner  of  Classics  to  the  University  of  London.     New  Edition. 

PRO  LEGE  MANILIA.  Edited,  after  Halm,  by  Professor  A.  S. 
Wilkins,  M.A.,  LL.D.    zs,  6d, 

THE  SECOND  PHILIPPIC  ORATION.  From  the  German 
of  Karl  Halm.  Edited,  with  Corrections  and  Additions, 
by  John  E.  B.  Mayor,  Professor  of  Latin  in  the  University  of 
Cambridge,  and  Fellow  of  St  John's  College.  New  Edition, 
revised,     y. 

PRO  ROSCIO  AMERINO.  Edited,  after  Halm,  by  E.  H.  Don- 
kin,  M.A.,  late  Scholar  of  Lincoln  College,  Oxford ;  Assistant- 
Master  at  Sherborne  School.    ^,  6d. 

PRO  P.  SESTIO.  Edited  by  Rev.  H.  A.  Holden,  M.A.,  LL.D., 
late  Fellow  of  Trinity  College,  Cambridge  j  and  late  Classical, 
Examiner  to  the  University  of  London.     5^. 

Demosthenes. — DE  corona.     Edited  by  B.  Drake,  M.A. 
late  Fellow  of  King's  College,    Cambridge.      New  and  revised 
Edition.    \5.  6d, 
ADVERSUS  LEPTINEM.     Edited  by  Rinr.  ].  R.  King,  M.A., 
Fellow  and  Tutor  of  Oriel  College,  Oxford.     4f.  6d, 

THE  FIRST  PHILIPPIC.     Edited,  after  C.  Rehdantz,  by  Rev. 

T.  GWATKIN,  M.  A.,  late  Fellow  of  St.  John's  College,  Cambridge. 

2s,  6d. 
IN  MIDIAM.     Edited   by    Prof.  A.    S.  WiLKiNS,    LL.D.,  and 

Herman  Hager,  Ph.D.,  of   the  Owens   College,  Manchester. 

[/«  preparation, 

Euripides. — HIPPOLYTUS.  Edited  by  J.  P.  Mahaffy,  M.  A., 
Fdlow  and  Professor  of  Ancienl  History  in  Trinity  College,  Dub 
lin,  and  J,  B.  BURY,  Fellow  of  Trinity  College,  Dublin.  3^-  ^- 
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Euripides.— MEDEA.  Edited  by  A.  W.  Verrall,  M.A., 
Fellow  and  Lecturer  of  Trinity  College,  Cambridge,    ss.  6d, 

IPHIGENIA  IN  TAURIS.  Edited  by  E.  B.  England,  M.A., 
Lecturer  at  the  Owens  College,  Manchester.    4s,  6d. 

Herodotus.— BOOKS  VII.  and  VIIL  Edited  by  Rev.  A.  H. 
Cooke,  M.A.,  Fellow  of  King's  College,  Cambridge. 

[In  preparaHon, 

Homer.— ILIAD.  BOOKS  I.,  IX.,  XL,  XVL— XXIV.  THE 
STORY  OF  ACHILLES.  Edited  by  the  late  J.  H.  Pratt, 
M.A.,  and  Walter  Leaf,  M.A.,  Fellows  of  Trinity  College, 
Cambridge,    ts, 

ODYSSEY.      BOOK  IX.    Edited  by  Pro£  John  E.  B.  Mayor. 

ODYSSEY.  BOOKS  XXL— XXIV.  THE  TRIUMPH  OF 
ODYSSEUS.  Edited  by  S.  G.  Hamilton,  B.A.,  Fellow  of 
Hertford  College,  Oxford.    3^.  6</. 

Horace.— THE  odes.  Edited  by  T.  E.  Page,  M.A.,  formeriy 
Fellow  of  St.  John's  College,  Cambridge ;  Assistant-Master  at 
Charterhouse.  6s,  (BOOKS  I.,  IL,  III.,  and  IV.  separately, 
2J.  each.) 

THE  SATIRES.  Edited  by  Arthur  Palmer,  M.  A.,  Fellow  of 
Trinity  College,  Dublin ;  Professor  of  Latin  in  the  University  of 
Dublin.    6s. 

THE  EPISTLES  and  ARS  POETICA.  Edited  by  A,  S. 
WiLKiNS,  M.A.,  LL.D.,  Professor  of  Latin  in  Owens  CoU^e, 
Manchester;  Examiner  in  Classics  to  the  University  of 
London.    6s, 

Isaeos.— THE  ORATIONS.  Edited  by  William  Ridgeway, 
M.A.,  Fellow  of  Caius  College,  Cambridge;  and  Professor  of 
Greek  in  the  University  of  Cork.  \In  preparation, 

Juvenal,     thirteen    satires.      Edited,   for  the   Use  of 
Schools,  by  E.  G.  Hardy,  M.A.,  Head  Master  of  Grantham 
Grammar  School ;  late  Fellow  of  Jesus  College,  Oxford.    5^. 
The  Text  of  this  Edition  is  carefully  adapted  to  School  use. 

SELECT  SATIRES.  Edited  by  Professor  John  £.  B.  Mayor. 
X.  AND  XL    3J.  6d.    XII.— XVL    4*.  6d. 
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Livy. — ^BOOKS  XL  AND  III.  Edited  by  Rev.  H.  M.  Stephenson* 
M.A.,  Head-Master  of  St.  Peter's  School,  York.     5j. 

BOOKS  XXI.  AND  XXII.    Edited  by  the  Rev.  W.  W.  Capes, 
M.A.,  Reader  in  Ancient  Hisfory  at  Oxford.     With  Maps.     5j. 

BOOKS  XXIII  AND  XXIV.     Edited  by  G.  C.  Macaulay,  M.A., 
Assistant-Master  at  Rugby.     With  Maps.     5^. 

Lucretius,  books  L— hi.  Edited  by  J.  H.  Warburton 
Lee,  M.A.,  late  Scholar  of  Corpus  Christi  CfoUege,  Oxford,  and 
Assistant- Master  at  Rossall.     4;.  6d» 

LysiaS.— SELECT  ORATIONS.  Edited  by  E.  S.  ShuckburgH, 
M.A.,  late  Assistant-Master  at  Eton  College,  formerly  Fellow  and 
Assistant-Tutor  of  Emmanuel  College,  Cambridge.  New  Edition, 
revised,    dr. 

Martial.  —  SELECT  EPIGRAMS.  Edited  by  Rev.  H.  M. 
Stephenson,  M.A.    6s, 

Ovid.— FASTI.  Edited  by  G.  H.  Hallam,  M.A.,  Fellow  of  St. 
John's  College,  Cambridge,  and  Assistant-Master  at  Harrow. 
With  Maps.     5^. 

HEROIDUM  EPISTULiE  XIIL  Edited  by  E.  S.  Shuckburgh, 
M.A.    4r.  6d, 

METAMORPHOSES.     BOOKS   XIIL   AND  XIV.     Edited  by 
C.  Simmons,  M.  A.  [In  the  press. 

Plato. — MENO.  Edited  by  E.  S.  Thompson,  M.A.,  Fellow  of 
Christ's  College,  Cambridge.  [In  preparation, 

APOLOGY  AND  CRITO.      Edited  by  F.   J.   H.   Jenkinson, 
M.A.,  Fellow  of  Trinity  College,  Cambridge.        [In  preparation, 

THE  REPUBLIC.    BOOKS  I.— V.    Edited  by  T.  H.  Warren, 
M.A.,  President  of  Magdalen  College,  Oxford.  [In  the  press, 

PlautUS.— MILES  GLORIOSUS.  Edited  by  R.  Y.  Tyrrell. 
M.  A.,  Fellow  of  Trinity  College,  and  R^us  Professor  of  Greek  in 
the  University  of  Dublin.     Second  Edition  Revised.     5;. 

Pliny. — LETTERS.  BOOK  HI.  Edited  by  Professor  John  E.  B, 
Mayor.    With  Life  of  Pliny  by  G.  H.  Rendalt.,  M.A.    5*. 

Plutarch.— LIFE  of  THEMISTOKLES.  Edited  by  Rev. 
H.  A.  Holden,  M.A.,  LL.D.    5;. 

PolybiuS.— HISTORY  OF  THE  ACHAEAN  LEAGUE.  Being 
Parts  of  Books  IL,  III.,  and  IV.  Edited  by  W.  W.  Capes, 
M.A.  [In  preparaHoH, 
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Propertius.— SELECT  poems.  Edited  by  Professor  J.  P. 
PoSTGATE,  M.A.,  Fellow  of  Trinity  College,  Cambridge.  Second 
Edition,  revised.     6s, 

Sallust. — CATILINA  AND  JUGURTHA.  Edited  by  C.  Meri- 
VALE,  D.D.,  Dean  of  Ely.  New  Edition,  carefully  revised  and 
enlarged,  4s,  6d.     Or  separately,  2s,  6d.  each. 

BELLUM  CATULINAE.     Edited  by  A.  M.  Cook,  M.A.,  Assist- 
ant Master  at  St.  Paul's  School.    4J.  6i. 

Sophocles. — ANTIGONE.  Edited  by  Rev.  John  Bond,  M.A. 
and  A.  S.  Walpole,  M.A.  [In preparation. 

Tacitus. — AGRICOLA  AND  GERMANIA.  Edited  by  A.  J. 
Church,  M.A.,  and  W.  J.  Brodribb,  M.A.,  Translators  of 
Tacitus.     New  Edition,  3J.  6d,    Or  separately,  zs.  each. 

THE  ANNALS.     BOOK  VI.     By  the  same  Editors.    2j.  6d. 

THE  HISTORY.    BOOKS  I.  and  IL    Edited  by  A.  D.  Godley, 
M.A,  [In  preparation.     Book  V,  in  the  press, 

THE  ANNALS.     BOOKS  L  and  II.     Edited  by  J.   S.  Reid, 
M.L.,  LiTT.D.  [In preparation, 

Terence.— HAUTON  TIMORUMENOS.  Edited  by  E.  S. 
Shuckburgh,  M.A.    3J.     With  Translation,  4^.  6d, 

PHORMIO.    Edited  by  Rev,   John  Bond,   M.A.,   and   A.  S. 
Walpole,  B.A.    4j.  6d, 

Thucydides.  BOOK  IV.  Edited  by  C.  E.  Graves,  M.A., 
Classical  Lecturer,  and  late  Fellow  of  St  John's  College, 
Cambridge.     5^. 

BOOKS  I.  II.  III.  and  V.  By  the  same  Editor.  To  be  published 
separately.  [In  preparation,    (Book  V,  in  the  press,) 

BOOKS  VL  and  VII.  THE  SICILIAN  EXPEDITION.  Edited 
by  the  Rev.  Percival  Frost,  M.  A.,  late  Fellow  of  St.  John's 
College,  Cambridge.  New  Edition,  revised  and  enlarged,  with 
Map.    5^. 

Virgil. — ^NEID.  BOOKS  II.  AND  IIL  THE  NARRATIVE 
OF  iENEAS.  Edited  by  E.  W.  HowsoN,  M.  A.,  Fellow  of  King's 
College,  Cambridge,  and  Assistant-Master  at  Harrow.     3;. 

Xenophon. — HELLENICA,  books  L  and  II.  Edited  by 
H.  Hailstone,  B.A.,  late  Scholar  of  Peterhouse,  Cambridge. 
With  Map.     4f.  6d, 
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Xenophon.— CYROP^DIA.  BOOKS  VII.  AND  VIII.  Edited 
by  Alfred  Goodwin,  M.A.,  Professor  of  Greek  in  University 
College,  London.     5^. 

MEMORABILIA  SOCRATIS.  Edited  by  A.  R.  Cluer,  B.A. 
Balliol  College,  Oxford.    6s, 

THE  ANABASIS.  BOOKS  I.— IV.  Edited  by  Professors  W.  W. 
Goodwin  and  J.  W.  White.  Adapted  to  Goodwin's  Greek 
Grammar.     With  a  Map.     ^s, 

HIERO.    Edited  by  Rev.  H.  A.  Holden,  M.A.  LL.D.    y.  td, 

OECONOMICUS.  By  the  same  Editor.  With  Introduction, 
Explanatory  Notes,  Critical  Appendix,  and  Lexicon,    dr. 

*^^*  Other  Volumes  will  follow. 


CLASSICALr  LIBRARY. 

(i)  Texts,  Edited  with  Introductions  and  Notes, 
for  the  use  of  Advanced  Students.  (2)  Commentaries 
and  Translations. 

^SChyluS. — THE  EUMENIDES.  The  Greek  Text,  with 
Introduction,  English  Notes,  and  Verse  Translation,  By  Bernard 
Drake,  M.A.,  late  Fellow  of  King's  College,  Cambridge. 
8vo.    5j.  . 

AGAMEMNON,  CHOEPHORCE,  AND  EUMENIDES.  Edited, 
with  Introduction  and  Notes,  by  A.  O.  Prickard,  M.A.,  Fellow 
and  Tutor  of  New  Collie,  Oxford.     8vo.  \In  preparation, 

AGAMEMNO.  Emendavit  David  S.  Margoliouth,  Coll.  Nov. 
Oxon.  Soc.     Demy  8vo.     2s,  6d, 

SEPTEM  CONTRA  THEBAS.  Edited,  with  Introduction  and 
Notes,  by  A.  W.  Verrall,  M.A.,  Fellow  of  Trinity  College, 
Cambridge.     8vo.  [In  preparation. 

Antoninus,   Marcus  Aurelius.— book  iv.  of  the 

MEDITATIONS.  The  Text  Revised,  with  Translation  and 
Notes,  by  Hastings  Crossley,  M.A.,  Professor  of  Greek  in 
Queen's  Collq^e,  Bel&st.    8vo.    6s, 
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Aristotle,— THE  METAPHYSICS.  BOOK  L  Trajislated  by 
a  Cambridge  Graduate.     8vo.     $s,  [Book  II,  in  preparation. 

THE  POLITICS.      Edited,  after  Susemihl,  by  R.  D.  Hicks, 
M.A.,  Fellow  of  Trinity  College,  Cambridge.     8vo.  [In  the  press, 

THE  POLITICS.  Translated  by  Rev.  J.  E.  C.  Welldon,  M.A., 
Fellow  of  King's  College,  Cambridge,  and  Head-Master  of 
Harrow  School.     Crown  8vo.     icj.  6d, 

THE  RHETORIC.     By  the  same  Translator.  [In  the  press, 

AN  INTRODUCTION  TO  ARISTOTLE'S  RHETORIC. 
With  Analysis,  Notes,  and  Appendices.  By  E.  M.  Cope,  Fellow 
and  Tutor  of  Trinity  College,  Cambridge.     8vo.     I4r. 

THE  SOPHISTICI  ELENCHI.  With  Translation  and  Notes 
by  E.  PosTE,  M.A.,  Fellow  of  Oriel  College,  Oxford.  8vo.  8j.  6d, 

A ristophanes.— THE  birds.  Translated  into  EngUsh  Verse, 
with  Introduction,  Notes,  and  Ap|3endices,  by  B.  H.  Kennedy^ 
D.D.,  Regius  Professor  of  Greek  in  the  University  of  Cambridge. 
Crown  8vo.  6s,  Help  Notes  to  the  same,  for  the  use  of 
Students,  is,  6d. 

Attic  Orators.— FROM  ANTIPHON  TO  ISAEOS.  By 
R.  C.  Jebb,  M.A.,  LL.D.,  Professor  of  Greek  in  the  University 
of  Glasgow.     2  vols.    8vo.     25J, 

SELECTIONS  FROM  ANTIPHON,  ANDOKIDES,  LYSIAS, 
ISOKRATES,  AND  ISAEOS.  Edited,  with  Notes,  by  Pro- 
fessor Jebb.  Being  a  companion  volume  -to  the  preceding  work. 
8vo.     12s,  6d, 

BabriuS. — Edited,  with  Introductory  Dissertations,  Critical  Notes, 
Commentary  and  Lexicon.  By  Rev.  W.  GuNiON  Rutherford, 
M.  A. ,  LL.  D.,  Head-Master  of  Westminster  School.   8vo.    1 2s,  6d, 

Cicero. — the  ACADEMICA.  The  Text  revised  and  explained 
by  J.  S.  Reid,  M.L.,  LittD.,  Fellow  of  Caius  College,  Cam- 
bridge.   8vo.     1 5  J. 

THE  ACADEMICS.    Translated  by  J.  S.  Reid,  M.L.   8vo.  5*.  6d, 

SELECT  LETTERS.    After  the  Edition  of  Albert  Watson, 

M.A.    Translated  by  G.  E.  Jeans,  M.A.,  Fellow  of  Hertford 

College,    Oxford,    and    Assistant-Master  at  Haileybury.      Svo. 
JOS,  6d, 

(See  also  ClassiceU  Series,) 
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BuripideS.—MEDEA.  Edited,  with  Introdactioii  and  Notes,  by 
J  A.  W.  Verrall,  M.A.,  Fellow  and  Lecturer  of  Trinity  College, 
!        Cambridge.    8vo.    Js,  6d, 

'  IPHIGENIA  IN  AULIS.  Edited,  with  Introduction  and  Notes, 
by  E.  B.  England,  M.A.,  Lecturer  in  the  Owens  College, 
Manchester.     8vo.  [In  preparation, 

INTRODUCTION  TO  THE  STUDY  OF  EURIPIDES.  By 
Professor  J.  P.  Mahaffy.  Fcap.  8vo.  is,  6d,  {Classical  Writers 
Series,) 

(See  also  Classical  Series,) 

Herodotus.— BOOKS  i.— in.   the  ancient  empires 

OF  THE  EAST.  Edited,  with  Notes,  Introductions,  and  Ap- 
pendices, by  A.  H.  Sayce,  Deputy-Professor  of  Comparative 
Philology,  Oxford;  Honorary  LL.D.,  Dublin.    Demy  8vo.    idr. 

BOOKS  IV.— IX.      Edited  by  Reginald   W.  Macan,  M.A., 
I         Lecturer  in  Ancient  History  at  Brasenose  College,  Oxford.     8vo. 

[In  Preparation, 

I  Homer. — the  ILIAD.     F4ited5  with  Introduction  and  Notes, 
I  by  Walter  Leaf,  M.A.,  Fellow  of  Trinity  College,  Cambridge, 

and  the  late  J.  H.  Pratt,  M.  A.  8vo.  [Books  L-^XII,  in  the  press, 
!     THE   ILIAD.      Translated   into  English  Prose.      By  Andrew 
/         Lang,  M.A.,  Walter  Leaf,  M.A.,  and  Ernest  Myers,  M.A. 
Crown  8vo.     12s,  6d, 
THE  ODYSSEY.     Done  into  English  by  S.  H.  Butcher,  M.A., 
Professor  of  Greek  in  the  University  of  Edinburgh,  and  Andrew 
^  Lang,  M.A.,  late  Fellow  of  Merton  College,   Oxford.      Fifth 

Edition,  revised  and  corrected.  Crown  8vo.  lOf.  6d, 
INTRODUCTION  TO  THE  STUDY  OF  HOMER.  By  the 
Right  Hon.  W.  E.  Gladstone,  M.P.  i8mo.  is,  {Literature 
Primers,) 
HOMERIC  DICTIONARY.  For  Use  in  Schools  and  Colleges. 
Translated  from  the  German  of  Dr.  G.  Autenrieth,  with  Addi- 
tions and  Corrections,  by  R.  P.  Keep,  Ph.D.  With  numerous 
Illustrations.    Crown  8vo.     dr. 

(See  also  Classical  Series,) 

Horace.— THE  works  of  horace  rendered  into 

ENGLISH  PROSE.  With  Introductions,  Running  Analysis, 
Notes,  &c.  Qy  J.  Lonsdale,  M.A.,  and  S.  Lee,  M.A.  {Gloie 
Edition,)  xs,  6d, 
STUDIES,  LITERARY  AND  HISTORICAL,  IN  THE  ODES 
OF  HORACE.  By  A.  W.  Verrall.  Fellow  of  Trinity  College, 
Cambridge.     Demy  8vO.     Ss.  6d, 

(See  also  Classical  Series.) 
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Juvenal.— THIRTEEN  SATIRES  OF  JUVENAL.  With  a  " 
Commentaiy.  By  John  E.  B.  Mayor,  M.  A.,  Professor  of  Latin 
in  the  University  of  Caxoibridge,  Second  Edition,  enlarged. 
Crown  8vo.  Vol.  I.  p,  6d*  Vol.  II.  lor.  6rf. 
THIRTEEN  SATIRES.  Translated  into  English  after  the  Text 
of  J.  E.  B.  Mayor  by  Alexander  Leepbr,  M.A.,  Warden 
of  Trinity  College,  in  the  University  of  Melbourne.     Crown  8vo. 

(See  also  Classical  Series,^ 

Livy.     BOOKS   XXL— XXV.     Translated    by   Alfred    John 

-  Church,  M.A.,  of  Lincoln  College,  Oxford,  Professor  of  Latin, 

University  Coll^f^,  London,  and  William  Jackson  Brodrtbb, 

M.A.,  late  Fellow  of  St.  John's  College,  Cambridge.     Cr.  8vo. 

INTRODUCTION  TO  THE  STUDY  OF  LIVY.  By  Rev. 
W.  W,  Capes,  Reader  in  Ancient  History  at  Oxford.  Fcap.  8vo. 
I  J.  6d,     {Classical  Writers  Series,) 

(See  also  Classical  Series,) 

Martial— BOOKS  I.  and  II.  of  the  epigrams.  Edited, 
with  Introduction  and  Notes,  by  Professor  J.  E.  B.  Mayor,  M.  A. 
8vo.  [In  the  press. 

C^ee  also  Classical  Series.) 

PausaniaS.— DESCRIPTION  of  Greece.  Translated  by 
J.  G.  Frazer,  M.A.,  Fellow  of  Trinity  College,  Cambridge. 

[In  preparation, 

PhrynichuS.— THE  NEW  PHRYNICHUS ;  being  a  Revised 
Text  of  the  Ecloga  of  the  Grammarian  Phrynichus.  With  Intro- 
duction and  Commentary  by  Rev.  W.  Gunion  Rutherford, 
M.A.,  LL.D.,  Head  Master  of  Westminster  School.    8vo.     i&f. 

Pindar.— THE  extant  odes  of  PINDAR.  Translated 
into  English,  with  an  Introduction  and  short  Notes,  by  Ernest 
Myers,  M.A.,  late  Fellow  of  Wadham  College,  Oxford.  Second 
Edition.  Crown  8vo.  5^. 
THE  OLYMPIAN  AND  PYTHIAN  ODES.  Edited,  with  an 
Introductory  Essay,  Notes,  and  Indexes,  by  Basil  Gildersleeve, 
Professor  of  Greek  in  the  Johns  Hopkins  University,  Baltimore 
Crown  8vo.     7^.  6d, 

Plato. — VHJEDO.  Edited,  with  Introduction,  Notes,  and  Appen« 
dices,  by  R.  D.  Archer-Hind,  M.A.,  Fellow  of  Trinity  College. 
Cambridge.  Svo.  8j.  6d, 
PHiEDO.  Edited,  with  Introduction  and  Notes,  by  W.  D.  Geddes, 
LL.D.,  Principal  of  the  University  of  Aberdeen.  Second  Edition. 
Demy  8vo.  is.  6d, 
PHILEBUS.  Edited,  with  Introduction  and  Notes,  by  Henry 
Jackson,  M.  A.,  Fellow  of  Trinity  College^  Cambridg  e.    8vo. 

[Inpreparafion, 
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Plato. — ^THE  REPUBLIC— Edited,  with  Introduction  and  Notes, 
by  H.  C.  GooDHART,  M.A.,  Fellow  of  Trinity  College,  Cam- 
bridge. 8vo  [In  preparation, 
THE  REPUBLIC  OF  PLATO.  Translated  into  English,  with  an 
Analysis  and  Notes,  by  J.  Ll.  Davies,  M.A.,  and  D.  J.  Vaughan, 
M.A.  i8mo.  4J.  6d, 
EUTHYPHRO,  APOLOGY,  CRITO,  AND  PHiEDO.  Trans- 
lated by  F.  J.  Church.     i8mo.    4r.  6d, 

(See  also  Classical  Series,) 

PlautUS. — THE  MOSTELLARIA  OF  PLAUTUS.  With  Notes, 
Prolegomena,  and  Excursus.  By  William  Ramsay,  M.A., 
formerly  Professor  of  Humanity  in  the  University  of  Glasgow. 
Edited  by  Professor  Gborge  G.  Ramsay,  M.A.,  of  the  University 
of  Glasgow.    8vo.     14;. 

(See  also  C7aj^i2/.SVr^.) 

PolybiuS. — THE  HISTORIES.  Translated,  with  Introduction 
and  Notes,  by  E.  S.  Shuckburgh,  M.A.  8vo.     [In preparation, 

SalluSt. — CATILINE  AND  JUGURTHA.  Translated,  with 
Introductory  Essays,  by  A.  W.  Pollard,  B.A.     Crown  8vo.    dr. 

(See  also  Classical  Series,) 

Studia  Scenica. — Part  L,  Section  I.  Introductory  Study  on 
the  Text  of  the  Greek  Dramas.  The  Text  of  SOPHOCLES' 
TRACHINIAE,  1-300.  By  David  S.  Margoliouth,  Fellow 
of  New  College,  Oxford,    Demy  8vo.    2s,  6d, 

Tacitus. — THE    ANNALS.      Edited,    with    Introductions   and 

Notes,  by  G.  O.  Holbrooke,  M.  A.,  Professor  of  Latin  in  Trinity 

College,  Hartford,  U.S.A.     With  Maps.    8vo.     i6s, 

THE  ANNALS.    Translated  by  A.  J.  Church,  M.A.,  and  W.J. 

Brodribb,  M.A.  With  Notes  and  Maps.  New  Edition.  Cr.  8vo. 

7j.  6(i, 
THE    HISTORIES.     Edited,  with  Introduction  and  Notes,   by 

Rev.  W.  A.  Spooner,    M.A.,    Fellow  of  New  College,  and 

H.  M.  Spooner,  M.A.,  formerly  Fellow  of  Magdalen  College, 

Oxford.     8vo.  [In  preparation, 

THE    HISTORY.    Translated  by  A.  T.  Church,  M.  A.,  and  W. 

T.  Brodribb,  M.A.     With  Notes  and  a  Map.     Crown  8vo.    6s. 
THE  AGRIGOLA  AND  GERMANY,  WITH  THE  DIALOGUE 

ON  ORATORY.     Translated  by  A.  J.  Church,  M.A.,  and 

W.  T.  Brodribb,   M.A.     With  Notes  and  Maps.     New  and      Vff^. 

Revised  Edition.     Crown  8vo.     /^,  6d,  ^ 

INTRODUCTION  TO  THE    STUDY  OF  TACITUS.      By 

A.  J.  Church,  M.A.  and  W.  J.  Brodribb,  M.A.    Fcap.  8vo. 

l8mo.     IX.  6d,    {Classical  Writers  Series.) 

TheOCritUSy  Bion,  and  MoSChuS.    Rendered  into  English 
Prose  with  Introductory  Essay  by  A.  Lang,  M.A.    Crown  8vo.  6s. 
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TheophrastUS.— THE  characters.  Edited,  with  Transla- 
tion  and  Notes,  by  R.  C.  Jkbb,  M.A.,  LL.D.,  Professor  of  Greek 
in  the  University  of  Glasgow.  New  Edition.  8vo.       [In  the  press. 

Virgil.— THE  WORKS  OF  VIRGIL  RENDERED  INTO 
ENGLISH  PROSE,  with  Notes,  Introductions,  Running  Analysis, 
and  an  Index,  by  James  Lonsdale,  M.A.,  and  Samuel  Lee, 
M.A.  New  Edition.  Globe  8vo.  3^.  6d. 
THE  iENEID.  Translated  by  J.  W.  Mackail,  M.A.,  Fellow  of 
Balliol  College,  Oxford.     Crown  8vo.     *js,  6d. 


GRAMMAR,  COMPOSITION,  &  PHILOLOGY. 

Belcher.— SHORT  exercises  in  latin  prose  com- 

POSITION   AND    examination    PAPERS  IN  LATIN 
GRAMMAR,   to  which  is  prefixed  a  Chapter  on  Analysis  of 
Sentences.    By  itie  Rev.  H.  Belcher,  M.A.,  Rector  of  the  High 
School,  Dunedin,  N.Z.     New  Edition.     i8mo.     is.  6d. 
KEY  TO  THE  ABOVE  (for  Teachers  only).     3^,  6d, 
SHORT  EXERCISES  IN  LATIN  PROSE  COMPOSITION 
Part  II.,  On  the  Syntax  of  Sentences,  with  an  Appendix,  includ- 
ing EXERCISES  IN  LATIN  IDIOMS,  &c.     i8mo.    2j. 
KEY  TO  THE  ABOVE  (for  Teachers  only),    y. 

Blackie. — GREEK  AND  ENGLISH  DIALOGUES  FOR  USE 
IN  SCHOOLS  AND  COLLEGES.  By  John  Stuart  Blackie, 
Emeritus  Professor  of  Greek  in  the  University  of  Edinburgh. 
New  Edition.    Fcap.  8vo.     2J.  6d. 

Bryans.— LATIN  prose  exercises  based  upon 

CAESAR'S  GALLIC  WAR.  With  a  Classification  of  Caesar's 
Chief  Phrases  and  Grammatical  Notes  on  Caesar's  Usages.  By 
Clement  Bryans,  M.A,,  Assistant-Master  in  Dulwich  College. 
Extra  fcap.  8vo.  2j.  6d,  A  Key  to  this  Work  is  in  the  press. 
GREEK  PROSE  EXERCISES  based  upon  Thucydides.  By  the 
same  Author.     Extra  fcap.  8vo.  {in  preparcOion, 

Colson. — A  FIRST  GREEK  READER.  By  F.  H.  CoLSON, 
M.A,,  Fellow  of  St.  John's  College,  Cambridge,  and  Senior 
Classical  Master  at  Bradford  Grammar  School.     Globe  8vo. 

[In  preparaHon, 

Eicke. — FIRST  LESSONS  IN  LATIN.  By  K,  M.  ElCKE,  B.A. 
Assistant-Master  in  Oundle  School.    Globe  8vo.    2s, 

Ellis.— PRACTICAL  HINTS  ON  THE  QUANTITATIVE 
PRONUNCIATION  OF  LATIN,  for  the  use  of  Classical 
Teachers  and  Linguists.  By  A.  J.  Ellis,  B.A.,  F.R.3*  Eztr« 
fcap.  Svo.    4^.  6d. 
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England— EXERCISES  ON  latin  syntax  and  idiom, 

ARRANGED  WITH  REFERENCE  TO  ROBY^S  SCHOOL 
LATIN  GRAMMAR.  By  E.  B.  England,  M.A.,  Assistant 
Lecturer  at  the  Owens  College,  Manchester.  Crown  8vo.  2s,  6d. 
Key  for  Teachers  only,  2s.  td. 

Goodwin. — ^Works  by  W.  W.  GooDWiN,  LL.D.,  Professor  of 

Greek  in  Harvard  University,  U.S.A. 
.  SYNTAX  OF  THE  MOODS  AND  TENSES  OF  THE  GREEK 

VERB.    New  Edition,  revised.     Crown  8vo.     6j.  dd, 
A  GREEK  GRAMMAR.     New  Edition,  revised.     Crown  8vo.    6j. 
**It   is  the  best   Greek   Grammar  of  its   sise   in   the    English   language."*— 

A  GREEK  GRAMMAR  FOR  SCHOOLS.    Crown  8vo.    31.  dd. 

Greenwood— THE  elements  of  greek  grammar, 

including  Accidence,  Irregular  Verbs,  and  Principles  of  Deriva* 
tion  and  Composition;  adapted  to  the  System  of  Crude  Forms. 
By  J.  G.  Greenwood,  Principal  of  Owens  College,  Manchester. 
New  Edition.    Crown  8vo.    5^.  &/. 

Hadley    and    Allen— a     GREEK    grammar    for 

SCHOOLS  AND  COLLEGES.  By  James  Hadley,  late 
Professor  in  Yale  College.  Revised  and  in  part  Rewritten  by 
Frederic  de  Forest  Allen,  Professor  in  Harvard  College. 
Crown  8vo.    6x. 

Hodgson.— MYTHOLOGY  FOR  LATIN  VERSIFICATION. 
A  brief  Sketch  of  the  Fables  of  the  Ancients,  prepared  to  be 
rendered  into  Latin  Verse  for  Schools.  By  F.  Hodgson,  6.D., 
late  Provost  of  Eton.  New  Edition,  revised  by  F.  C.  Hodgson, 
M.A.    i8mo.    5x. 

Jackson.— FIRST  STEPS  TO  GREEK  PROSE  COMPOSI- 
TION. By  Blomfield  Jackson,  M.A.,  Assistant- Master  in 
King's  Collie  School,  London.  New  Edition,  revised  and 
enlarged.     i8mo.     \s,  6i, 

KEY  TO  FIRST  STEPS  (for  Teachers  only).     i8mo.     3J.  6d. 

SECOND  STEPS  TO  GREEK  PROSE  COMPOSITION,  with 
Miscellaneous  Idioms,  Aids  to  Accentuation,  and  Examination 
Papers  in  Greek  Scholarship,     iSmo.    2s.  6d, 

KEY  TO  SECOND  STEPS  (for  Teachers  only).     i8mo.    y.  6d, 

Kynaston.— EXERCISES   IN   the   composition   OF 

GREEK  IAMBIC  VERSE  by  Translations  from  EngUsh  Dra- 
matists. By  Rev.  H.  Kynaston,  D.D.,  Principal  of  Cheltenham 
College.  WiUi  Introduction,  Vocabulary,  &c.  New  Edition, 
TCvisS  and  enlarged.     Extra  fcap.  8vo.    5^. 

KEY  TO  THE  SAME  (for  Teachers  only).   Extra  fcap.  8vo.  4s.  Cd. 
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Lupton. — AN  INTRODUCTION  TO  LATIN  ELEGIAC 
VERSE  COMPOSITION.  By  J.  H.  Lupton,  M.  A.,  Sur-Master 
of  St.  Paul's  School,  and  formerly  Fellow  of  St.  John's  College, 
Cambridge.     2s.  6d. 

Mackie — parallel  passages  for  translation 

INTO  GREEK  AND  ENGLISH.  Carefully  graduated  for  the 
use  of  Colleges  and  Schools.  With  Indexes.  By  Rev.  Ellis  C. 
Mackie,  Classical  Master  at  Heversham  Grammar  School.  Globe 
8vo.     4r.  6(/. 

Macmillan.— FIRST  latin  grammar.    By  M.  C.  Mac- 

MILLAN,  M.A.,  late  Scholar  of  Chfist's  College,  Cambridge; 
sometime  Assistant-Master  in  St.  Paul's  School.  New  Edition, 
enlarged.  i8mo.  is.  6d.  A  Short  Syntax  is  in  preparation 
to  follow  the  Accidence. 

Macmillan's  Latin  Course.    FIRST  YEAR.    By  A.  M. 

Cook,  M.A.,  Assistant-Master  at  St.  Paul's  School  Globe  8vo. 
2x.  6d. 

Marshall.— A  table  of  irregular  greek  verbs, 

classified  according  to  the  arrangement  of  Curtius's  Greek  Grammar. 
By  J.  M,  Marshall,  M.A.,  Head  Master  of  the  Grammar 
School,  Durham.     New  Edition.    8vo.     is. 

Mayor  (John  E.  B.)— first  greek  reader.    Edited 

after  Karl  Halm,  with  Corrections  and  large  Additions  by  Pro- 
fessor John  E.  B.  Mayor,  M.  A.,  Fellow  of  St.  John's  College, 
Cambridge.    New  Edition,  revised.     Fcap,  8vo.    4*.  6d, 

Mayor  (Joseph  B.)— greek  for  beginners.    By  the 

Rev.  j7  B.  Mayor,  M.A.,  Professor  of  Classical  Literature  in 
King's  College,  London.  Part  I.,  with  Vocabulary,  is.  6d. 
Parts  II.  and  III.,  with  Vocabulary  and  Index,  p,  6d,  Complete 
in  one  VoL  fcap.  8vo.    4s.  6d. 

Nixon,— PARALLEL  EXTRACTS,  Arranged  for  Translation  into 
English  and  Latin,  with  Notes  on  Idioms.  By  J.  E.  Nixon, 
M.A.,  Fellow  and  Classical  Lecturer,  King's  College,  Cambridge. 
Part  I. — Historical  and  Epistolary.  New  Edition,  revised  and 
enlarged.  Crown  8vo.  3*.  6cf. 
PROSE  EXTRACTS,  Arranged  for  Translation  mto  English  and 
Latin,  with  General  and  Special  Prefaces  on  Style  and  Idiom. 
I.  Oratorical.  II.  Historical.  III.  Philosophic^  and  Miscella- 
neous.    By  the  same  Author.     Crown  8vo.     3^.  6d. 

Peile.— A  PRIMER  OF  PHILOLOGY.  By  J.  Peile,  M.A., 
Fellow  and  Tutor  of  Christ's  College,  Cambridge.     i8mo.     is. 

Postgate   and   Vince.— a   dictionary  of  latin 

ETYMOLOGY.  By  J.  P.  Postgate,  M.A.,  and  C.  A.  Vince, 
M.A.  [In  preparation^ 


CLASSICAL  PUBLICATIONS.  19 

Potts  (A.  W.) — Works  by  Alexander  W.  Potts,  M.A., 
LL.D.,  late  Fellow  of  St.  John's  College,  Cambridge;  Head 
Master  of  the  Fettes  College,  Edinburgh. 

HINTS  TOWARDS  LATIN  PROSE  COMPOSITION.  New 
Edition.     Extra  fcap.  8vo.     p. 

PASSAGES  FOR  TRANSLATION  INTO  LATIN  PROSE. 
Edited  with  Notes  and  References  to  the  above.  New  Edition. 
Extra  fcap.  8vo.    2s»  6d, 

LATIN  VERSIONS  OF  PASSAGES  FOR  TRANSLATION 
INTO  LATIN  PROSE  (for  Teachers  only) .    2s.  6d. 

Reid.— A  GRAMMAR  OF  TACITUS.  By  J.  S.  Reid,  M.L., 
Fellow  of  Caius  College,  Cambridge.  [In  preparation. 

A    GRAMMAR    OF   VERGIL.     By  the  same  Author. 

[In  preparation. 

%*  Similar  Grammars  to  other  Classical  Authors  will  probably  follow^ 

Roby.— A  GRAMMAR  OF  THE  LATIN  LANGUAGE,  from 

Plautus  to  Suetonius.     By  H.  J.  Roby,  M.A.,  late  Fellow  of  St. 

John's  College,   Cambridge.      In  Two  Parts.      Third   Edition. 

Part  I.  containing: — Book  I.    Sounds.      Book  II.    Inflexions. 

Book  III.    Word-formation.    Appendices.     Crown  8vo.  8j.  6d. 

Part  II.  Syntax,  Prepositions,  &c.     Crown  8vo.     los,  6d, 

"  Marked  by  the  dear  and  practised  insight  of  a  master  in  bis  art.    A  book  that 
would  do  honour  to  any  country." — ^ATHENiGUM. 

SCHOOL  LATIN  GRAMMAR.     By  the  same  Author.     Crown 
8vo.     5j. 

Rush. — SYNTHETIC  LATIN  DELECTUS.  A  First  Latin 
Construing  Book  arranged  on  the  Principles  of  Grammatical 
Analysis.  With  Notes  and  Vocabulary.  By  E.  Rush,  B.A. 
With  Preface  by  the  Rev.  W.  F.  Moulton,  M.  A.,  D.D.  New 
and  Enlarged  Edition.     Extra  fcap.  8vo.     2J.  6d, 

Rust ^— FIRST  STEPS  TO  LATIN  PROSE  COMPOSITION. 
By  the  Rev.  G.  Rust,  M.A.,  of  Pembroke  College,  Oxford, 
Master  of  the  Lower  School,  King's  College,  London.  New 
Edition.  i8mo.  is,  6d, 
KEY  TO  THE  ABOVK  By  W.  M.  Yates,  Assistant-Master  in 
the  High  School,  Sale.'  j8mo.     3^.  6^. 

Rutherford. — Works  by  the  Rev.  W.  GuNiON  Rutherford, 

M.A.,  LL.D.,  Head-Master  of  Westminster  School. 
A  FIRST  GREEK  GRAMMAR.     New  Edition,  enlarged.   Extra 

fcap.  8vo.     IS,  6d, 
THE    NEW    PHRYNICHUS;    being  a  Revised  Text  of   the 

Edoga  of  the  Grammarian  Phrynichus.    With  Introduction  and 

Commentary.    8vo.     iZs, 

€  a 
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Simpson.— LATIN  prose  after  the  best  authors. 

By  F.  P.  Simpson,  B.A.,  late  Scholar  of  Balliol  College,  Oxford. 
Part  I.     CiESARIAN  PROSE.     Extra  fcap.  8vo.     2s.  6d. 
*^*  A  Key  to  this  work  is  in  the  press. 

Thring. — Works  by  the  Rev.  E.  Thring,  M.  A.,  Head-Master  of 

Uppingham  School. 
A    LATIN  GRADUAL.      A  First  Latin  Construing  Book  for 

Beginners.      New  Edition,   enlarged,   with    Coloured    Sentence 

l^aDS.     Fcao  8vo      2<r  6^ 
A  MANUAL  OF  MOOD  CONSTRUCTIONS.  Fcap.Svo.  u.  6^. 

White.— FIRST  LESSONS  IN  GREEK.  Adapted  to  GOOD- 
WIN'S GREEK  GRAMMAR,  and  designed  as  an  introduction 
to  the  ANABASIS  OF  XENOPHON.  By  John  Williams 
White,  Ph.D.,  Assistant^Professor  of  Greek  in  Harvard  Univer- 
sity.   Crown  8vo.    4r.  6^. 

Wright. — Works  by  J.   Wright,   M.A.,  late  Head  Master  of 

Sutton  Coldfield  School. 
A  HELP  TO  LATIN  GRAMMAR ;  or,  The  Form  and  Use  of 

Words  in  Latin,  with  Progressive  Exercises.    Crown  8vo.    4J.  6</. 
THE  SEVEN  KINGS  OF  ROME.     An  Easy  Narrative,  abridged 

from  the  First  Book  of  Livy  by  the  omission  of  Difficult  Passages ; 

being  a  First  Latin  Reading  Book,  with  Grammatical  Notes  and 

Vocabulary.     New  and  revised  Edition.     Fcap.  8vo.    3J.  6</. 
FIRST  LATIN  STEPS  ;   OR,  AN  INTRODUCTION  BY  A 

SERIES    OF    EXAMPLES    TO    THE    STUDY  OF    THE 

LATIN  LANGUAGE.    Crown  8vo.    y. 
ATTIC    PRIMER.     Arranged  for  the  Use  of  Beginners.     Extra 

fcap.  8vo.    2J.  &/. 
A    COMPLETE    LATIN    COURSE,    comprising   Rules    with 

Examples,  Exercises,  both  Latin  and  English,  on  each  Rule,  and 

Vocabularies.    Crown  8vo.    2j.  6^. 

Wright  (H.  C.)— EXERCISES  ON  THE  LATIN  SYNTAX. 
By  Rev.  H.  C.  Wright,  B.A.,  Assistant-Master  at  Haileybury 
College.     i8mo.  [In  prepariUion^ 


ANTIQUITIES,   ANCIENT  HISTORY,  AND 

PHILOSOPHY. 

Arnold. — ^Works  by  W.  T.  Arnold,  M.A. 
A  HANDBOOK  OF  LATIN  EPIGRAPHY.      [/n  preparatum, 
THE  ROMAN  SYSTEM  OF  PROVINCIAL  ADMINISTRA- 
TION TO  THE  ACCESSION  OF  CONSTANTINE  THE 
GREAT.    Crown  8vo.    dr. 
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Arnold  (T.)— the  second  funic  war.  Being  Chapters  of 
THE  HISTORY  OF  ROME.  By  the  late  Thomas  Arnold, 
D.D.,  formerly  Head  Master  of  Rugby  School,  and  Regius  Professor 
of  Modem  History  in  the  University  of  Oxford.  Edited,  with  Notes. 
by  W.  T.  Arnold,  M.  A.     With  8  Maps.     Crown  8vo.     Ss.  6d, 

Beesly.— STORIES  from  the  history  of  rome. 

By  Mrs.  Beesly.    Fcap.  8vo.    2j.  6d. 

Classical  Writers. — Edited  by  John  Richard  Green,  M.A., 
LL.D.    Fcap.  8vo.     is,  6d.  each. 
EURIPIDES.     By  Professor  Mahaffy. 
MILTON.    By  the  Rev.  Stopford  A.  Brooke,  M.A, 
LIVY.     By  the  Rev.  W.  W.  Capes,  M.A. 
VIRGIL.     By  Professor  Nettleship,  M.A. 
SOPHOCLES.    By  Professor  L.  Campbell,  M.A, 
DEMOSTHENES.    By  Professor  S.  H.  Butcher,  M.A. 
TACITUS.      By  Professor  A.  J.   Church,   M.A.,  and  W.  J. 
Brodribb,  M.A. 

Freeman.— HISTORY  of  Rome.  By  Edward  a.  Free- 
man, D.C.L.,  LL.D.,  Hon.  Fellow  of  Trinity  College,  Oxford, 
Regius  Professor  of  Modem  History  in  the  University  of  Oxford. 
{Historical  Course  far  Schools.)     i8mo.  \In  pteparcUion, 

A  SCHOOL  HISTORY  OF  ROME.  By  the  same  Author. 
Crown  8vo.  \In  preparation, 

HISTORICAL  ESSAYS.  Second  Series.  [Greek  and  Roman 
History.]    By  the  same  Author.     8vo.  \os,  6d, 

Geddes.  —  the  problem  of  the  Homeric  poems. 

By  W.   D.   GeDdbs,   Principal  of  the  University  of  Aberdeen. 

8vo.    I4r. 
Gladstone. — Works  by  the  Rt.  Hon.  W.  E.  Gladstone,  M.P. 
THE  TIME  AND  PLACE  OF  HOMER.     Crown  8vo.     6s,  6d, 
A  PRIMER  OF  HOMER.     i8mo.     is, 

Jackson.— A  manual  of  greek  philosophy.     By 

Henry  Jackson,  M.A.,  LittD.,  Fellow  and  Praelector  in  Ancient 
Philosophy,  Trinity  College,  Cambridge.  [In  preparation, 

Jebb. — Works  by  R.  C.  Jebb,  M.A.,  LL,D.,  Professor  of  Greek 

in  the  University  of  Glasgow. 
THE  ATTIC  ORATORS  FROM  ANTIPHON  TO  ISAEOS. 

2  vols.     8vo.    25J. 
SELECTIONS  FROM  THE  ATTIC  ORATORS,  ANTIPHON, 

ANDOKIDES,    LYSIAS,    ISOKRATES,    AND    ISAEOS. 

Edited,  with  Notes.    Being  a  companion  volume  to  the  preceding 

work.     8vo.     12s,  6d, 
A  PRIMER  OF  GREEK  LITERATURE.     i8mo.     is. 
Kiepert.— MANUAL  OF  ANCIENT  GEOGRAPHY,   Trans- 

lated  from  the  German  of  Dr.  Hejnrich  Kiepert.  Crown  8vo.  ^. 
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Mahaffy. — ^Works  by  J.  p.  Mahaffy,  M.A.,  Professor  of  Andent 

History  in  Trinity  College,  Dublin,  and  Hon.  Fellow  of  Queen's 

College,  Oxford, 
SOCIAL  LIFE    IN    GREECE;    from    Homer   to    Menander. 

Fifth  Edition,  revised  and  enlarged.     Crown  8vo.     gs» 
RAMBLES  AND  STUDIES  IN  GREECE.     With  Illustrations. 

Second  Edition.     With  Map.     Crown  8vo.     lor.  6d, 
A  PRIMER  OF  GREEK  ANTIQUITIES.     With  lUustradons. 

i8mo.     is, 
EURIPIDES.     i8mo.     is,  6d,     {Ciasskal  IVHters  Series.) 

Mayor  (J.  E.  B.)— bibliographical  clue  to  latin 

LITERATURE.     Edited  after  Ht)BNER,  with  large  Additions 
by  Professor  John  E.  B.  Mayor,    Crown  8vo.     los,  6d, 

Newton.— ESSAYS  in  art  and  ARCHiEOLOGY.  By 
C.  T.  Newton,  C.B.,  D.C.L,,  Professor  of  Archaeology  in 
University  College,  London,  and  Keeper  of  Greek  and  Roman 
Antiquities  at  the  British  Museum.     8yo.     I2s,  6d, 

Ramsay.— A  school  history  of  rome.     By  G.  G. 

Ramsay,  M.A.,  Professor  of    Humanity  in  the   University  of 
Glasgow.     With  Maps.     Crown  8vo.  [In  prepetriUhn. 

Sayce.— THE  ancient  empires  of  the  east.    By 

A.   H.  Sayce,    Deputy-Professor   of   Comparative  Philosophy, 
Oxford,  Hon.  LL.D.  Dublin.     Crown  8vo.     6s, 

Schwegler.— A  text-book  of  greek  philosophy. 

Translated  from  the  German  by  Henry  Norman.    8va 

[In  preparation, 
Wilkins.— A  PRIMER  OF  ROMAN    ANTIQUITIES.      By 
Professor  WiLKiNS,  M.A.,  LL.D.     Illustrated.     i8mo,     is. 


MATHEMATICS. 

(i)  Arithmetic,  (2)  Algebra,  (3)  Euclid  and  Ele- 
mentary  Geometry,  (4)  Mensuration,  (5)  Higher 
Mathematics. 

ARITHMETIC. 

Aldis.— THE  GREAT  GIANT  ARITHMOS.  A  most  Elementary 
Arithmetic  for  Children.  By  Mary  Steadman  Aldis.  With 
Illustrations.     Globe  8vo.     2s,  6d, 

Brook-Smith  (J.).— ARITHMETIC  IN  THEORY  AND 
PRACTICE.  By  J.  Brook-Smith,  M.A.,  LL,B.,  St.  John's 
College,  Cambridge ;  Barrister-at-Law ;  one  of  the  Masters  of 
Cheltenham  College.    New  Edition,  revised.    Crown  8yo.    4r.  6d, 
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Candler.— HELP  to  arithmetic.  Designed  for  the  use  of 
Schools.  By  H.  Candler,  M.A.,  Mathematical  Master  of 
Uppingham  School.     Second  Edition.     Extra  fcap.  8vo.    2s,  6d. 

Dalton.— RULES  AND  EXAMPLES  IN  ARITHMETIC.  By 
the  Rev,  T.  Dalton,  M.A.,  Assistant-Master  in  Eton  College. 
New  Edition.     i8mo.    2s,  6d, 

[Answers  to  the  Examples  are  appended* 

Lock. — ^ARITHMETIC  FOR  SCHOOLS.  By  Rev.  J.  B.  Lock, 
M.A.,  Senior  Fellow,  Assistant  Tutor,  and  Lecturer  of  Caius 
College,  Cambridge,  formerly  Assistant-Master  at  Eton.  With 
Answers  and  1000  additional  Examples  for  Exercises.  Globe  8vo. 
4f.  6d,  Or  in  Two  Parts  : — Part  I.  Up  to  and  including  Practice* 
with  Answers.  Globe  8vo.  2s.  Part  II.  With  Answers  and 
1000  additional  Examples  for  Exercise,     Globe  8vo.     3^. 

Pedley.— EXERCISES    in    arithmetic    for   the    Use    of 
Schools.      Containing  more  than  7,000  original  Examples.     By 
S.  Pedley,  late  of  Tamworth  Grammar  School.   Crown  8vo.    5^. 
Also  in  Two  Parts  2s.  6d,  each. 

Smith. — Works  by  the  Rev.  Barnard  Smith,  M.A.,  late  Rector 
of  Glaston,  Rutland,  and  Fellow  and  Senior  Bursar  of  S.  Peter'* 
College,  Cambridge. 

ARITHMETIC  AND  ALGEBRA,  in  their  Principles  and  Appli- 
cation; with  numerous  systematically  arranged  Examples  taken 
from  the  Cambridge  Examination  Papers,  with  especial  reference 
to  the  Ordinary  Examination  for  the  B.  A.  Degree.  New  Edition, 
carefully  Revised.     Crown  8vo.     los.  6d, 

ARITHMETIC  FOR  SCHOOLS.  New  Edition.  Crown  8vo. 
AS.  6d, 

A  KEY  TO  THE  ARITHMETIC  FOR  SCHOOLS.  New 
Edition.    Crown  8vo.    8x.  6d, 

EXERCISES  IN  ARITHMETIC.  Crown  8vo,  limp  cloth,  2s. 
With  Answers,  2s.  6d, 

Answers  separately,  6d. 

SCHOOL  CLASS-BOOK  OF  ARITHMETIC.  i8mo,  cloth.  31. 
Or  sold  separately,  in  Three  Parts,  is.  each. 

KEYS  TO  SCHOOL  CLASS-BOOK  OF  ARITHMETIC. 
Parts  I.,  II.,  and  III.,  2s,  6d.  each. 

SHILLING  BOOK  OF  ARITHMETIC  FOR  NATIONAL 
AND  ELEMENTARY  SCHOOLS.  i8mo,  cloth.  Or  sepa- 
rately. Part  I.  2d. ;  Part  II.  3^.  ;  Part  III.  jd.     Answers,  6d. 

THE  SAME,  with  Answers  complete.     i8mo,  cloth,     is.  6d. 

KEY  TO  SHILLING  BOOK  OF  ARITHMETIC.    i8mo.  4J.  6d. 

EXAMINATION  PAPERS  IN  ARITHMETIC.  i8mo.  is.  6d. 
The  same,  with  Answers,  i8mo,  2s.     Answers,  6d. 

KEY  TO  EXAMINATION  PAPERS  IN  ARITHMETIC 
i8mo.    4/.  6d, 
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Smith. — Works  by  the  Rev.  Barnard  Smith,  M.  A.  {conHnued) — 

THE    METRIC    SYSTEM    OF    ARITHMETIC,   ITS    PRIN- 

CIPLES   AND    APPLICATIONS,  with  numerous  Examples, 

written  expressly  for  Standard  V.  in  National  Schools.     New 

Edition.     i8mo,  cloth,  sewed.     3^/. 

A  CHART  OF  THE  METRIC  SYSTEM,  on  a  Sheet,  size  42  in. 

by  34  in.  on    Roller,    mounted  and  varnished.     New   Edition. 

Price  3x.  6d, 
Also  a  Small  Chart  on  a  Card,  price  id, 

EASY  LESSONS  IN  ARITHMETIC,  combining  Exercises  in 
Reading,  Writing,  Spelling,  and  Dictation.  Part  I.  for  Standard 
I.  in  National  Schools.    Crown  8vc.    gd, 

EXAMINATION  CARDS  IN  ARITHMETIC.     (Dedicated  to 

Lord  Sandon.)    With  Answers  and  Hints. 
Standards  I.  and  II.  in  box,  is.     Standards  III.,  IV.,  and  V.,  in 
boxes,  IS.  each.    Standard  VI.  in  Two  Parts,  in  boxes,  is,  each. 
A  and  B  papers,  of  nearly  the  same  difficulty,  are  given  so  as  to 
prevent  copying,  and  the  colours  of  the  A  and  B  papers  differ  in  each 
Standard,  and  from  those  of  every  other  Standard,  so  that  a  master 
or  mistress  can  see  at  a  glance  whether  the  children  have  the  prop^ 
papers* 

ALGEBRA. 

Dalton,— RULES  AND  EXAMPLES  IN  ALGEBRA.  By  the 
Rev.  T.  Dalton,  M.A.,  Assistant-Master  of  Eton  College. 
Part  I.    New  Edition.     i8mo.     2s.    Part  II.     i8mo.    2S.  6d, 

%*  A  Key  to  Part  /.  is  now  in  the  press. 

Jones  and  Cheyne.— algebraical  exercises.  Pro- 
gressively Arranged.  By  the  Rev.  C.  A.  Jones,  M.A.,  and  C. 
H.  Cheyne,  M.A.,  F.R.A.S.,  Mathematical  Masters  of  West- 
minster School.     New  Edition.     i8mo.    2s.  6d. 

Hall     and    Knight,— elementary    ALGEBRA    FOR 

SCHOOLS.  By  H.  S.  Hall,  M.A.,  formerly  Scholar  of  Christ's 
College,  Cambridge,  Master  of  the  Military  and  Engineering  Side, 
Clifton  College;  and  S.  R.  Knight,  B.A.,  formerly  Scholar  of 
Trinity  College,  Cambridge,  late  Assistant-Master  at  Marlborough 
College.     Globe  8vo,  price  JJ.  6d. ;  with  Answers,  4f.  6d. 

ALGEBRAICAL  EXERCISES  and  EXAMINATION  PAPERS 
To  accompany  the  above.     By  the  same  authors.     Globe  8vo. 

\Jn  the  press. 

HIGHER  ALGEBRA  FOR  SCHOOLS.    By  the  same  Authors. 
Globe  8vo.  [In  preparation. 
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Smith  (Barnard).— ARITHMETIC  and  algebra,  in  their 

Principles  and  Application  ;  with  numerous  systematically  arranged 
Examples  taken  from  the  Cambridge  Examination  Papers,  with 
especial  reference  to  the  Ordinary  Examination  for  the  B.  A.  Degree. 
By  the  Rev.  Barnard  Smith,  M.  A.,  late  Rector  of  Glaston,  Rut- 
land, and  Fellow  and  Senior  Bursar  of  St.  Peter's  College,  Cam- 
bridge.    New  Edition,  carefully  Revised.     Crown  8vo.     los,  6d. 

Smith  (Charles). — Works  by  Charles  Smith,  M.A.,  Fellow 
and  Tutor  of  Sidney  Sussex  College,  Cambridge. 

ELEMENTARY  ALGEBRA.    Globe  8vo.    ^,  6d. 

In  this  work  the  author  has  endeavoured  to  explain  the  principles  of  Algebra  in  as 
simple  a  manner  as  possible  for  the  benefit  of  beginners,  bestowing  great  care  upon 
the  explanations  and  proofs  of  the  fundamental  operations  and  rules. 

ALGEBRA  FOR  SCHOOLS  AND  COLLEGES.      [Preparing. 

Todhunter. — Works  by  L  Todhunter,  M.A.,  F.R.S.,  D.Sc, 

late  of  St.  John's  College,  Cambridge. 

"Mr.  Todhunter  is  chiefly  known  to  Students  of  Mathematics  as  the  author  <^  a 

series  of  admirable  mathematical  text-books,  which  possess  the  rare  qualities  of  being 

clear  in  style  and  absolutely  free  from  mistakes,  typographical  or  other." — Saturday 

Review. 

ALGEBRA    FOR    BEGINNERS.     With    numerous    Examples. 

New  Edition.     i8mo.    2s,  6d, 
KEY  TO  ALGEBRA  FOR  BEGINNERS.    Crown  8vo.    6s.  6d. 
ALGEBRA.     For  the  Use  of  Colleges  and  Schools.     New  Edition. 

Crown  8vo.     71.  6d, 
KEY  TO  ALGEBRA  FOR  THE  USE  OF  COLLEGES  AND 
SCHOOLS.     Crown  8vo.     los.  6d, 

EUCLID  &  ELEMENTARY  GEOMETRY. 

Constable. — geometrical  exercises  for  be- 
ginners.   By  Samuel  Constable,    Crown  8vo.    3^.  6d. 

Cuthbertson. — ^Euclidian    geometry.     By  Francis 

CuTHBERTSON,  M.  A.,  LL.D.,  Head  Mathematical  Master  of  the 
City  of  London  School.     Extra  fcap.  8vo.     4J.  6d. 
DodgSOn. — ^Works  by  Charles  L.  Dodgson,  M.A.,  Student  and 
late  Mathematical  lecturer  of  Christ  Church,  Oxford. 
EUCLID.    BOOKS  I.  and  II.     Fourth  Edition,  with  words  sub- 
stituted for  the  Algebraical   Symbols  used  in  the  First  Edition.' 

Crown  8vo.    2s, 
*,*  The  text  of  this  Edition  has  heen  ascertained,  by  counting  the  words,  to  be 

less  than  five-sevenths  of  that  contained  in  the  ordinary  editioav. 
EUCLID    AND    HIS  MODERN   RIVALS.      Second  Edition. 
Crown  8vo.    6s. 

Eagles.—  CONSTRUCTIVE  GEOMETRY  OF  PLANE 
CURVES.  By  T.  H.  Eagles,  M.A.,  Instructor  in  Geometrical 
Drawing,  and  Lecturer  in  Architecture  at  the  Royal  Indian  En- 
gineering College,  Cooper's  Hill.  With  numerous  Examples. 
Crown  8vo.     izs. 
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Hall    and    Stevens.— a  text  book  of   EUCLID'S 

ELEMENTS  FOR  THE  USE  OF  SCHOOLS.  By  H.  S. 
Hall,  M  A.,  and  F.  H.  Stevens,  M.A.,  Assistant-Masters  in 
Clifton  College.     Globe  870.  [In  preparation. 

Tfi?T7.-;r7.^?  ELEMENTS  OF  GEOMETRY.  By  George 
BRUCE  HALSTED,  Professor  of  Pure  and  Applied  Mathe- 
matics  in  the  University  of  Texas.     8vo.     12s.  6d. 

Kitchener.— A  geometrical  note-book,  containing 
Easy  Problems  in  Geometrical  Drawing  preparatory  to  the  Study 
of  Geometry.  For  the  Use  of  Schools.  By  F.  E.  Kitchener, 
M.A.,  Head-Master  of  the  Grammar  School,  Newcastle,  Stafford- 
shire.    New  Edition.    4to.     2J. 

Mault— NATURAL     GEOMETRY:    an    Introduction    to   the 
Logical    Study  of   Mathematics.     For    Schools    and    Technical 
Classes.    "With  Explanatory  Models,   based   upon    the    Tachy- 
metrical  works  of  Ed.  Lagout.     By  A.  Mault.     i8mo.     is. 
Models  to  Illustrate  the  above,  in  Box,  12s.  6d. 

Smith,  — AN  ELEMENTARY  TREATISE  ON  SOLID 
GEOMETRY.  By  Charles  Smith,  M.A.,  Fellow  and  Tutor 
of  Sidney  Sussex  College,  Cambridge.     Crown  8vo.     9^.  6d, 

Syllabus  of  Plane  Geometry  (corresponding  to  Euclid, 

Books  I. — VI.).  Prepared  by  the  Association  for  the  Improve- 
ment of  Geometrical  Teaching.     New  Edition.     Crown  8vo.     u. 

Todhunter.— THE  ELEMENTS  OF  EUCLID.  For  the  Use 
of  CoUegesand  Schools.  By  I.  Todhunter,  M.  A.,  F.R.S.,  D.Sc, 
of  St.  John's  College,  Cambridge.  New  Edition.  i8mo.  3^.  6^. 
KEY  TO  EXERCISES  IN  EUCLID.    Crown  8vo.    6s.  dd, 

Wilson  (J.  M.).— ELEMENTARY  GEOMETRY.  BOOKS 
I. — V.  Containing  the  Subjects  of  Euclid's  first  Six  Books.  Fol- 
lowing the  Syllabus  of  the  Geometrical  Association.  By  the  Rev. 
J.  M.  Wilson,  M.A.,  Head  Master  of  Clifton  College.  New 
Edition.     Extra  fcap.  8vo.    4r.  6d, 

MENSURATION. 

Todhunter.— MENSURATION   FOR  BEGINNERS.     By  I, 
'      Todhunter,  M.A.,  P\R.S.,  D.Sc,  late  of  St.  John's   College. 

Cambridge.  With  Examples.   New  Edition.    i8mo.    2s,6d, 
KEY  TO  MENSURATION  FOR  BEGINNERS.     By  the  Rev. 

Fr.  Lawrence  McCarthy,  Professor  of  Mathematics  in  St. 

Peter's  College,  Agra.     Crown  8/0.     'js.  6d. 

HIGHER  MATHEMATICS. 

Airy. — Works  by  Sir  G.  B.  Airy,  K.C.B.,  formerly  Astronomer- 
Royal. 
ELEMENTARY  TREATISE  ON  PARTIAL  DIFFERENTIAL 
EQUATIONS.    Designed  for  the  Use  of  Students  in  the  Univer- 
sities.    With  Diagrams.     Second  Edition.     Crown  8vo.     5J.  6d, 
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Airy. — Works  by  Sir  G.  B.  Airy,  K.C.B.  (continued)-^ 

ON  THE  ALGEBRAICAL  AND  NUMERICAL  THEORY 
OF  ERRORS  OF  OBSERVATIONS  AND  THE  COMBI- 
NATION OF  OBSERVATIONS.  Second  Edition,  revised. 
Crown  8vo.    6s,  6d, 

Alexander  (T.). — elementary  applied  mechanics. 

Being  the  simpler  and  more  practical  Cases  of  Stress  and  Strain 
wrought  out  individually  from  first  principles  by  means  of  Elemen- 
tary Mathematics.  By  T.  Alexander,  C.E.,  Professor  of  Civil 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei, 
Japan.     Part  I,     Crown  8vo.    4J.  6d, 

Alexander  and  Thomson.— elementary  applied 

MECHANICS.  By  Thomas  Alexander,  C.K,  Professor  of 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei,  Japan ; 
and  Arthur  Watson  Thomson,  C.E.,  B.Sc,  Professor  of 
Engineering  at  the  Royal  College,  Cirencester.  Part  II.  Trans- 
verse Stress.    Crown  8vo.     ioj.  6d, 

Beasley.— AN  elementary  treatise  on  plane 

TRIGONOMETRY.  With  Examples.  By  R.  D.  Beasley, 
M  A  Eighth  Edition,  revised  and  enlarged.  Crown  8vo.  3^.  6i, 
Boole.— THE  CALCULUS  OF  FINITE  DIFFERENCES. 
By  G.  Boole,  D.C.L.,  F.R.S.,  late  Professor  of  Mathematics  in 
the  Queen's  University,  Ireland.  Third  Edition,  revised  by 
J.  F.  Moulton.     Crown  8vo.     los,  6d.  .    « .  . 

Cambridge  Senate-House  Problems  and  Riders, 
with  Solutions:— 

1875— PROBLEMS  AND  RIDERS.     By  A.  G.   Greenhill, 

isS-SOLUT^ONS  OF  SENATE-HOUSE  PRpBLEMS.  By 
the  Mathematical  Moderators  and  Examiners.  Edited  by  J.  W.  L. 
Glaisher,  M.A.,  Fellow  of  Trinity  College,  Cambndge.  I2j. 
Carll.— A  TREATISE  ON  THE  CALCULUS  OF  VARIA- 
TIONS. Arranged  with  the  purpose  of  Introducing,  as  well  as 
Illustrating,  its  Principles  to  the  Reader  by  means  of  Problems, 
and  Designed  to  present  in  all  Important  Particulars  a  Complete 
View  of  the  Present  State  of  the  Science.  By  Lewis  Buffett 
Carll,  A.M;    Demy  8vo.    21  j.  ^  ^^  *  ^.t 

Cheyne.— AN  elementary  treatise  on  the  plan- 
etary THEORY.  By  C.  H.  H.  Cheyne,  M.A.,  F-R-^.b. 
With  a  Collection  of  Problems.  Third  Edition.  Edited  by  Rev. 
A.  Freeman,  M.A.,  F.R.A.S.     Crown  8vo.     p.  6d. 

Christie.— A  collection  of  elementary  test- 

OUESTIONS  IN  PURE  AND  MIXED  MATHEMATICS  ; 
iJith  Answers  and  Appendices  on  Synthetic  Division,  and  on  the 
Solution  of  Numerical  Equations  by  Homer's  Method.  By  James 
R.  Christie,  F.R.S.,  Royal  Military  Academy,  Woolwich. 
Crown  8vo.    is,  6d. 
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ClausiuS.— MECHANICAL  THEORY  OF  HEAT.  By  R. 
Clausius.  Translated  by  Walter  R.  Browne,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge.     Crown  8vo.     lOj.  (id, 

Clifford.— THE  ELEMENTS  OF  DYNAMIC.  An  Introduction 
to  the  Study  of  Motion  and  Rest  in  Solid  and  Fluid  Bodies.  By  W. 
K.  Clifford,  F.R.S.,  late  Professor  of  Applied  Mathematics  and 
Mechanics  at  University  College,  London.  Part  I.— KINEMATIC. 
Crown  8vo.     1$,  6d, 

Cotterill.— APPLIED  MECHANICS :  an  Elementary  General 
Introduction  to  the  Theory  of  Structures  and  Machines,  By 
James  H.  Cotterill,  F.R.S.,  Associate  Member  of  the  CouncU 
of  the  Institution  of  Naval  Architects,  Associate  Member  of  the 
Institution  oT^GiviLEngineers,  Professor  of  Applied  Mechanics  in 
the  Royal  Naval  Coit£ic,.^eenwich,     Medium  8vo.     i8j. 

Day  (R.  E.)  — ELECTRIcl:Ki4iIARITHMETIC.     By  R.  E. 

Day,  M.A.,  Evening  Lecturer  in  Exp??ijaeJltal  Physics  at  King's 

College,  London.     Pott  8vo.     2J. 
Drew. — GEOMETRIC AL TREATISE  ON  CONIC§fiCTIONS. 

By  W.  H.  Drew,  M.A.,  St.  John's  College,  Cambiid^ia»^  New 

Edition,  enlarged.     Crown  8vo.     5^, 

Dyer.— EXERCISES  IN  analytical  GEOMETRY. 

piled  and  arranged  by  J.  M.  Dyer,  M.A.,  Senior  Mathematical^ 
Master  in  the  Classical  Department  of  Cheltenham  College.  With  ^ 
Illustrations.     Crown  8vo.     4J.  6d, 

Eagles.— CONSTRUCTIVE  GEOMETRY  OF  PLANE 
CURVES.  ByT.  H.  Eagles,  M.A.,  Instructor  in  Geometrical 
Drawing,  and  Lecturer  in  Architecture  at  the  Royal  Indian  En- 
gineering College,  Cooper's  Hill.  With  numerous  Examples. 
Crown  8vo.     12s, 

Edgar  (J.  H.)  and  Pritchard  (G,  S.).— note-book  on 

PRACTICAL  SOLID  OR  DESCRIPTIVE  GEOMETRY. 
Containing  Problems  with  help  for  Solutions.  By  J.  H.  Edgar, 
M.A.,  Lecturer  on  Mechanical  Drawing  at  the  Royal  School  of 
Mines,  and  G,  S.  Pritchard.  Fourth  Edition,  revised  by 
Arthur  Meeze.    Globe  8vo.    4J.  6d, 

Edwards. — a  text-book  of  differential  cal- 
culus.   By  Rev.  Joseph  Edwards,  M.A.    Crown  8vo. 

[In  the  press, 

Ferrers. — Works  by  the  Rev.  N.  M.  Ferrers,  M.A.,  Master  of 
Gonville  and  Caius  College,  Cambridge. 

AN  ELEMENTARY  TREATISE  ON  TRILINEAR  CO- 
ORDINATES, the  Method  of  Reciprocal  Polars,  and  the  Theory 
of  Projectors.     New  Edition,  revised.     Crown  8vo.     6s,  6d, 

AN  ELEMENTARY  TREATISE  ON  SPHERICAL  HAR- 
MONICS,  AND  SUBJECTS  CONNECTED  WITH  THEM. 
Crown  8vo.     7; .  6d, 
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Forsyth, — a  treatise  ON  differential  equa- 
tions. By  Andrew  Russell  Forsyth,  M.A.,  Fellow  and 
Assistant  Tutor  of  Trinity  Collie,  Cambridge.     8vo.     i+r. 

Frost — Works  by  PercivalFrost,  M.  A.,  D.Sc,  formerly  Fellow 
of  St.  John's  College,  Cambridge ;  Mathematical  Lecturer  at 
King's  College. 

AN  ELEMENTARY  TREATISE  ON  CURVE  TRACING.    By 

Percival  Frost,  M.A.     8vo.     12s. 
SOLID  GEOMETRY.     A  New  Edition,  revised  and  enlarged,  of 

the  Treatise  by  Frost  and  Wolstenholme.    In  2  Vols.    Vol.  I. 

8vo.     I  dr. 

Greaves.— A  treatise  on  elementary  statics.  By 

John  Greaves,  M.A.,  Fellow  of  Christ's  College,  Cambridge. 
Crown  8vo.  [In  the  press, 

GreenhilL— DIFFERENTIAL  and  integral  CAL- 
CULUS. With  Applications.  By  A.  G.  Greenhill,  M.A., 
Professor  of  Mathematics  to  the  Senior  Class  of  Artillery  Officers, 
Woolwich,  and  Examiner  in  Mathematics  to  the  University  of 
London.     Crown  8vo.     71.  (xi, 

Halsted.— THE  elements  of  geometry.  By  George 
Bruce  Halsted,  Professor  of  Pure  and  Applied  Mathematics, 
University  of  Texas.     8vo.     12s,  6d. 

Hemming,— AN   elementary   treatise  on  the 

DIFFERENTIAL  AND  INTEGRAL  CALCULUS,  for  the 
Use  of  Colleges  and  Schools.  By  G.  W.  Hemming,  M.A., 
Fellow  of  St.  John's  College,  Cambridge.  Second  Edition,  with 
Corrections  and  Additions.    8vo.     ^, 

IbbetSOn.— THE  MATHEMATICAL  THEORY  OF  PER- 
FECTLY ELASTIC  SOLIDS,  with  a  short  account  of  Viscous 
Fluids.  An  Elementary  Treatise.  By  William  John  Ibbetson, 
B.A.,  F.R.A.S.,  Senior  Scholar  of  Clare  College,  Cambridge. 
8vo.  [In  the  press, 

Jellet  (John  H.).— a  treatise  on  the  theory  of 

FRICTION.  By  John  H.  Jellet,  B.D.,  Provost  of  Trinity 
College,  Dublin;  President  of  the  Royal  Irish  Academy.  8vo. 
%s.iid. 

Johnson. — ^Works  by  WILLIAM  WooLSEY  Johnson,  Professor  of 
Mathematics  at  tiie  U.S.  Naval  Academy,  Annopolis^  Maryland. 

INTEGRAL  CALCULUS,  an  Elementary  Treatise  on  the; 
Founded  on  the  Method  of  Rates  or  Fluxions.     Demy  8vo.    8x. 

CURVE  TRACING  IN  CARTESIAN  CO-ORDINATES. 
Crown  8vo.    4r.  6^. 
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Kelland  and   Tait.— introduction   to    quater- 

NIONS,  with  numerous  examples.  By  P.  Kelland,  M.A., 
F.R.S.,  and  P.  G.  Tait,  M.A.,  Professors  in  the  Department  of 
Mathematics  in  the  University  of  Edinburgh.  Second  Edition. 
Crown  8vo.    *js,  6d. 

Kempe. — how  to  draw  a  straight  line  :  a  Lecture 
on  Linkages.  By  A.  B.  Kempe.  With  Illustrations.  Crown  8vo. 
IS,  6d,     {Nature  Series,) 

Kennedy.— THE  MECHANICS  OF  MACHINERY.  By  A. 
B.  W.  Kennedy,  M.InstC.E.,  Professor  of  Engineering  and 
Mechanical  Technology  in  University  CoU^e,  London.  Crown 
8vo.  [JVearfy  ready, 

KnOX.-^DIFFERENTIAL  CALCULUS  FOR  BEGINNERS. 
By  Alexander  Knox.    Fcap.  8vo.    3^.  ddU 

Lock. — Works  by  Rev.  J.  B.  Lock,  M.  A.,  Senior  Fellow,  Assistant 
Tutor  and  Lecturer  in  Mathematics,  of  Gonville  and  Caius  College, 
Cambridge ;  late  Assistant- Master  at  Eton. 

DYNAMICS  FOR  BEGINNERS.     Globe  Svo.     [In  preparation, 

ELEMENTARY  TRIGONOMETRY.    Globe  Svo.     41.  6^. 

HIGHER  TRIGONOMETRY.     Globe  Svo.    4J.  6^. 
Both  Parts  complete  in  One  Volume.     Globe  Svo.     7j.  6</. 

TRIGONOMETRY  FOR  BEGINNERS,  as  far  as  the  Solution  of 
Triangles.     Globe  Svo.     zr.  (id, 

(See  also  under  Arithmetic,) 

McClelland  and  Preston.— a  treatise  ON  spherical 

TRIGONOMETRY.  With  numerous  Examples.  Part  I.  To  the 
End  of  Solution  of  Triangles.  By  William  T.  M'Clelland, 
Sch.  B.A.,  Principal  of  the  Incorporated  Society  s  School,  Santry, 
Dublin,  and  Thomas  Preston,  Sch.  B.  A.    Crown  Svo.    4J.  6flf. 

[Part  II.  in  the  Press, 

Lupton.— ELEMENTARY  CHEMICAL  ARITHMETIC.  With 
1,100  Problems.  By  Sydney  Lupton,  M.A.,  Assistant-Master 
in  Harrow  School.    Globe  Svo.    5^. 

Macfarlane,— PHYSICAL  arithmetic.  By  Alexander 
Macfarlane,  M  a.,  D.Sc,  F.R.S.E.,  Examiner  in  Mathematics 
to  the  University  of  Edlnbui^h.     Crown  Svo.     7* .  6d, 

Merriman.— ATEXTBOOK  of  the  method  of  least 

SQUARES.  By  Mansfield  Merriman,  Professor  of  Civil 
Engrineering  at  Lehigh  University,  Member  of  the  American 
Philosophical  Society,  American  Association  for  the  Advancement 
of  Science,  American  Society  of  Civil  Engineers'  Club  of  Pkila* 
dephia,  Deutschen  Geometervereins,  &c.     Demy  Svo.     Sx.  6d, 
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Millar,— ELEMENTS  OF  DESCRIPTIVE  GEOMETRY.  By 
J.B.  Millar,  C.E.,  Assistant  Lecturer  in  Engineering  in  Owens 
College,  Manchester.    Crown  8vo.     6s. 

Milne.— WEEKLY  problem  papers.  With  Notes  intended 
for  the  use  of  students  preparing  for  Mathematical  Scholarships, 
and  for  the  Junior  Members  of  the  Universities  who  are  reading 
for  Mathematical  Honours.  By  the  Rev.  John  J.  Milne,  M.A., 
Second  Master  of  Heversham  Grammar  School,  Member  of  the 
London  Mathematical  Society,  Member  of  the  Association  for  the 
Improvement  of  Geometrical  Teaching.  Pott  8vo.  4s.  6d, 
SOLUTIONS  TO  WEEKLY  PROBLEM  PAPERS.  By  the 
same  Author.     Crown  8vo.     lar.  6d, 

Muir. — ^A  TREATISE  ON  THE  THEORY  OF  DETERMI- 
NANTS. With  graduated  sets  of  Examples.  For  use  in 
Colleges  and  Schools.  By  Thos.  Muir,  M.A.,  F.R.S.E., 
Mathematical  Master  in  the  High  School  of  Glasgow.  Crown 
8vo.     7j.  6^/. 

Parkinson.— AN    elementary   treatise   on   me. 

CHANICS.  For  the  Use  of  the  Junior  Classes  at  the  University 
and  the  Higher  Classes  in  Schools.  By  S.  Parkinson,  D.D., 
F.R.S.,  Tutor  and  Praelector  of  St.  John's  College,  Cambridge. 
With  a  Collection  of  Examples.  Sixth  Edition,  revised.  Crown 
8vo.    9J.  6d, 

Pirie.— LESSONS  ON  RIGID  DYNAMICS.  By  the  Rev.  G. 
PiRiE,  M.A.,  late  Fellow  and  Tutor  of  Queen's  College,  Cam- 
bridge ;  Professor  of  Mathematics  in  the  University  of  Aberdeen. 
Crown  8vo.    6j. 

Puckle.— AN  ELEMENTARY  TREATISE  ON  CONIC  SEC- 
TIONS AND  ALGEBRAIC  GEOMETRY.  With  Numerous 
Examples  and  Hints  for  their  Solution ;  especially  designed  for  the 
Use  of  Beginners.  By  G.  H.  Puckle,  M.A.  Fifth  Edition, 
revised  and  enlarged.     Crown  8vo.     7^.  6d, 

Reuleaux.— THE  kinematics  of  machinery.    Out- 

Unes  of  a  Theory  of  Machines.  By  Professor  F.  Reuleaux. 
Translated  and  Edited  by  Professor  A.  B.  W.  Kennedy,  C.K 
With  450  Illustrations.     Medium  8vo.     2ix. 

Rice  and  Johnson differential   calculus,  an 

Elementary  Treatise  on  the  ;  Founded  on  the  Method  of  Rates  or 
Fluxions.  By  John  Minot  Rice,  Professor  of  Mathematics  in 
the  United  States  Navy,  and  William  Woolsey  Johnson,  Pro- 
fessor of  Mathematics  at  the  United  States  Naval  Academy. 
Third  Edition,  Revised  and  Corrected.  Demy  8vo.  idr. 
Abridged  Edition,  8x. 
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Robinson.— TREATISE  on  marine  surveying.  Pre- 
pared for  the  use  of  younger  Naval  Officers.  With  Questions  for 
Examinations  and  Exercises  principally  from  the  Papers  of  the 
Royal  Naval  College.  With  the  results.  By  Rev.  John  L. 
Robinson,  Chaplain  and  Instructor  in  the  Royal  Naval  College, 
Greenwich.     With  Illustrations.     Crown  8vo.     7j.  6d. 

CoNTKNTS. — Symbols  used  in  Charts  and  Survejring— The  Construction  and  Use 
of  Scales — Laying  off  Angles— Fixing  Positions  by  Angles  —  Charts  and  Chart- 
Drawing — Instruments  and  Observing  —  Base  Lines— Triangiilation — Levelling— 
Tides  and  lldal^  Observations— Soundings — Chronometers — Meridian  Distances 
— Method  of  Plotting  a  Survey-^Miscellaneous  Ehcercises — Index. 

Routh. — Works  by  EDWARD  John  Routh,  D.Sc,  LL.D., 
F.R.S.,  Fellow  of  the  University  of  London,  Hon.  Fellow  of  St. 
Peter's  College,  Cambridge. 

A  TREATISE  ON  THE  DYNAMICS  OF  THE  SYSTEM  OF 
RIGID  BODIES.  With  numerous  Examples.  Fourth  and 
enlarged  Edition.  Two  Vols.  8vo.  Vol  I. — Elementary  Parts. 
14s.     Vol.  II.— The  Advanced  Parts.     14^. 

STABILITY  OF  A  GIVEN  STATE  OF  MOTION,  PAR- 
TICULARLY STEADY  MOTION.  Adams'  Prize  Essay  for 
1877.     8vo.    8j.  6d. 

Smith  (C). — Works  by  Charles  Smith,    M.A.,   Fellow  and 

Tutor  of  Sidney  Sussex  College,  Cambridge. 
CONIC  SECTIONS.    Second  Edition.     Crown  8vo.     7j.  6d, 
AN  ELEMENTARY  TREATISE  ON  SOLID  GEOMETRY. 

Crown  8vo.     9^.  6d.     (See  also  under  Algebra,) 

Snowball— -THE  elements  of  plane  and  spheri- 
cal TRIGONOMETRY ;  with  the  Construction  and  Use  of 
Tables  of  Logarithms.  By  J.  C.  Snowball,  M.A.  New  Edition. 
Crown  8vo.     ^s,  6d» 

Tait  and  Steele.— a  treatise  ON  DYNAMICS  OF  A 

PARTICLE.  With  numerous  Examples.  By  Professor  Tait 
and  Mr,  Steele.     Fourth  Edition,  revved.     Crown  8vo.     12*. 

Thomson.— A  treatise  on  the  motion  of  vortbx 

RINGS.  An  Essay  to  which  the  Adams  Prize  was  adjudged  in 
1882  in  the  University  of  Cambridge.  By  J.  J.  Thomson,  Fellow 
of  Trinity  College,  Cambridge,  and  Professor  of  Experimental 
Physics  in  the  University.     With  Diagrams.     8vo.     6s. 

Todhunter. — Works  by  I.  ToDHUNTER,  M.A.,  F.R.S.,  D.Sc, 

late  of  St.  John's  College,  Cambridge. 
"  Mr.  Todhunter  is  chiefly  known  to  students  of  Mathematics  as  the  anther  of  a 
series  of  admirable  mathematical  text-books,  which  possess  the  rare  Qualities  of  being 
clear  in  style   and    absolutely  free    from  mistakes,  typographical  and  other."— 

TRIGONOMETRY  FOR  BEGINNERS.  With  numerous 
Examples.     New  Edition.     i8mo.     2s,  6cl, 
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Todhuflter. — ^Works  by  I.  ToDHUNTER,  M.  A.,  &c.  (continued)-^ 
KEY  TO  TRIGONOMETRY  FOR  BEGINNERS,    Crown  8vo. 

8j.  6d. 
MECHANICS  FOR  BEGINNERS,     With  numerous  Examples. 

New  Edition.     i8mo.    4f.  6d. 
KEY  TO  MECHANICS   FOR   BEGINNERS.      Crown    8vo. 

6s,  6d, 
AN  ELEMENTARY  TREATISE    ON   THE   THEORY  OF 

EQUATIONS.    New  Edition,  revised.     Crown  8vo.     ^s.  6d. 
PLANE  TRIGONOMETRY.     For  Schools  and  Colleges.     New 

Edition.     Crown  8vo.     ^s, 
KEY  TO  PLANE  TRIGONOMETRY.     Crown  8vo.     lOf.  6d. 
A  TREATISE  ON  SPHERICAL  TRIGONOMETRY.     New 

Edition,  enlarged.     Crown  8vo.     4f.  6d. 
PLANE  CO-ORDINATE  GEOMETRY,  as  applied  to  the  Straight 

Line  and  the  Conic  Sections.     With  numerous  Examples.     New 

Edition,  revised  and  enlarged.     Crown  8vo.     7j.  6d. 
A  TREATISE  ON  THE  DIFFERENTIAL  CALCULUS.    With 

numerous  Examples.     New  Edition.     Crown  8vo.     lOj.  6d, 
A  TREATISE  ON  THE  INTEGRAL  CALCULUS  AND  ITS 

APPLICATIONS.     With  numerous  Examples.     New  Edition, 

revised  and  enlarged.    Crown  8vo.     \os,  6d. 
EXAMPLES  OF  ANALYTICAL  GEOMETRY  OF  THREE 

DIMENSIONS.     New  Edition,  revised.     Crown  8vo.     4s. 
A   HISTORY   OF   THE   MATHEMATICAL   THEORY   OF 

PROBABILITY,  from  the  time  of  Pascal   to  that   of  Laplace. 

8vo.     i8j. 
RESEARCHES   IN  THE   CALCULUS   OF   VARIATIONS, 

principally  on  the  Theory  of  Discontinuous  Solutions :  an  Essay  to 

which  the  Adams'  Prize  was  awarded  in  the  University  of  Cam- 
bridge m  1871.    8vo.     6s, 
A  HISTORY   OF  THE  MATHEMATICAL  THEORIES  OF 

ATTRACTION,  AND  THE  FIGURE  OF  THE  EARTH, 

from  the  time  of  Newton  to  that  of  Laplace.     2  vols.     8vo.     24J. 
AN  ELEMENTARY  TREATISE  ON  LAPLACE'S,  LAME'S, 

AND  BESSEL'S  FUNCTIONS.     Crown  8vo.     los.  6d. 

Wilson  (J.  M.). — SOLID  GEOMETRY  AND  CONIC  SEC- 
TIONS. With  Appendices  on  Transversals  and  Harmonic  Division. 
For  the  Use  of  Schools.  By  Rev.  J,  M.  Wilson,  M.A.  Head 
Master  of  Clifton  College.   New  Edition.  Extra  fcap.  8vo.  p,  6d. 

Wilson.— GRADUATED  EXERCISES  IN  PLANE  TRI- 
GONOMETRY. Compiled  and  arranged  by  J.  Wilson,  M.  A., 
and  S.  R.  Wilson,  B.A.    Crown  8vo.    4J.  6d, 

**  The  exercises  seem  beautifully  graduated  and  adapted  to  lead  a  student  on  most 
gently  and  pleasantly." — E.  J.  Routh,  F.RS.,  St  Peter^s  College,  Cambridffs. 

(See  also  Elementary  Geometry,) 

d 
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Woolwich  Mathematical  Papers,  for  Admission  into 

the  Royal  Military  Academy,  Woolwich,  1880 — 1884  inclusive. 
Crown  8vo.     $s,  6d. 

Wolstenholme. — mathematical  problems,  on  Sub- 
jects included  in  the  First  and  Second  Divisions  of  the  Schedule  of 
subjects  for  the  Cambridge  Mathematical  Tripos  Examination. 
Devised  and  arranged  by  Joseph  Wolstenholme,  D.Sc,  late 
Fellow  of  Christ's  College,  sometime  Fellow  of  St.  John's  College, 
and  Professor  of  Mathematics  in  the  Royal  Indian  Engineering 
Collie.  New  Edition,  greatly  enlarged.  8vo.  i8j. 
EXAMPLES  FOR  PRACTICE  IN  THE  USE  OF  SEVEN- 
FIGURE  LOGARITHMS.  By  the  same  Author.  [In  preparation. 


SCIENCE. 

(i)    Natural    Philosophy,    (2)    Astronomy,    (3) 
Chemistry,  (4)  Biology,  (5)  Medicine,  (6)  Anthro- 
pology, (7)  Physical  Geography  and  Geology,  (8) 
Agriculture,  (9)  Political  Economy,  (lo)  Mental   • 
and  Moral  Philosophy,  I 

NATURAL  PHILOSOPHY. 

Airy. — Works  by  Sir  G.  B.  Airy,  K.C.B.,  formerly  Astronomer- 
Royal. 
UNDULATORY  THEORY  OF  OPTICS.    Designed  for  the  Use 
of  Students  in  the  University.   New  Edition.   Crown  8vo.   6s,  6d, 

ON  SOUND  AND  ATMOSPHERIC  VIBRATIONS.  With 
the  Mathematical  Elements  of  Music.  Designed  for  the  Use  of 
Students  in  the  University.  Second  Edition,  revised  and  enlarged. 
Crown  8vo.     9j« 

A  TREATISE  ON  MAGNETISM.  Designed  for  the  Use  of 
Students  in  the  University.     Crown  8vo.     gy.  6d, 

GRAVITATION:  an  Elementary  Explanation  of  the  Principal 
Perturbations  in  the  Solar  System.     Second  Edition,     Crown  Svo. 

Alexander  (T.).— elementary  applied  mechanics. 

Being  the  simpler  and  more  practical  Cases  of  Stress  and  Strain 
wrought  out  individually  from  first  principles  by  means  of  Ele- 
mentary Mathematics.  By  T. '  Alexander,  C.E.,  Professor  of 
Civil  Engineering  in  the  Imperial  College  of  Engineering,  Tokei, 
Japan.     Crown  8vo.     Part  I.     4J.  6d, 
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Alexander  —  Thomson.  —  elementary   applied 

MECHANICS.  By  Thomas  Alexander,  C.E.,  Professor  of 
Ei^neering  in  the  Imperial  College  of  Engineering,  Tokei,  Japan ; 
and  Arthur  Watson  Thomson,  C.E.,  B.Sc,  Professor  of 
Engineering  at  the  Royal  College,  Cirencester.  Part  II.  Trans- 
verse Stress  ;  upwards  of  150  Diagrams,  and  200  Examples 
carefully  worked  out ;  new  and  complete  method  for  finding,  at 
every  point  of  a  beam,  the  amount  of  the  greatest  bending 
moment  and  shearing  force  during  the  transit  of  any  set  of  loads 
fixed  relatively  to  one  another— ^.^.,  the  wheels  of  a  locomotive ; 
continuous  b^ms,  &c.,  &c.     Crown  8vo.     10s,  6d, 

Ball  (R.  S.).— EXPERIMENTAL  MECHANICS.  A  Course  of 
Lectures  delivered  at  the  Royal  College  of  Science  for  Ireland. 
By  Sir  R.  S.  Ball,  M.A.,  Astronomer  Royal  for  Ireland. 
Cheaper  Issue.     Royal  8vo.     10^.  6d, 

Chisholm.  —  THE  SCIENCE  OF  WEIGHING  AND 
MEASURING,  AND  THE  STANDARDS  OF  MEASURE 
AND  WEIGHT.  By  H.  W.  Chisholm,  Warden  of  the  Standards. 
With  numerous  Illustrations.    Crown  8vo.   ^.  (id,  {Nature  Series  J) 

ClausiuS. — MECHANICAL  THEORY  OF  HEAT.  By  R. 
Clausius.  Translated  by  Walter  R.  Browne,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge.     Crown  8vo.     loj.  (id, 

Cotterill.— APPLIED  MECHANICS:  an  Elementary  General 
Introduction  to  the  Theory  of  Structures  and  Machines.  B^ 
James  H.  Cotterill,  F.R.S.,  Associate  Member  of  the  Council 
of  the  Institution  of  Naval  Architects,  Associate  Member  of  the 
Institution  of  Civil  Engineers,  Profesisor  of  Applied  Mechanics  in 
the  Royal  Naval  College,  Greenwich,     Medium  8vo.     i8j. 

Gumming.— AN  introduction  to  the  theory  of 

ELECTRICITY.  By  LiNNiEUs  Gumming,  M.A.,  one  of  the 
Masters  of  Rugby  School.  With  Illustrations.  Crown  8vo. 
8j.  6^. 
Daniell.— A  TEXT-BOOK  OF  THE  PRINCIPLES  OF 
PHYSICS.  By  jfALFRED  Daniell,  M.A.,  LL.B.,  D.Sc, 
F.R.S.E.,  late  Lecturer  on  Phjrsics  in  the  Sdiool  of  Medicine, 
Edinburgh.  With  Illustrations.  Second  Edition.  Revised  and 
Enlarged.     Medium  8vo.     2ij. 

Day.— ELECTRIC  LIGHT  ARITHMETIC.  By  R.  E.  Day, 
M.A.,  Evening  Lecturer  in  Experimental  Physics  at  King's 
College,  London.     Pott  8vo.    2j. 

Everett. — units  and  physical  constants.  By  j.  d. 

Everett,  F.R.S.,  Professor   of    Natural  Philosophy,    Queen's 
College,  Belfast.     Extra  fcap.  8vo.     4r.  dd, 

[Niw  Edition  in  ihi  press* 
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Gray-r-ABSOLUTE  measurements  in  electricity 

AND  MAGNETISM.     By  Andrew  Gray,  M.A.,  F.R.S.K, 

Professor  of  Physics  in  the  University  College  of  North  Wales. 
Pott  8vo.     3J.  6d, 

Grove.— A  dictionary  of  music  and  MUSICIANS. 
(a.d.  1450 — 1886).  By  Eminent  Writers,  English  and  Foreign. 
Edited  by  Sir  George  Grove,  D.C.L.,  Director  of  the  Royal 
College  of  Music,  &c.     Demy  8yo. 

Vols.  I.,  II.,  and  III.     Price  21s.  each. 

Vol.  I.  A  to  IMPROMPTU.  Vol.  II.  IMPROPERIA  to 
PLAIN  SONG.  Vol.  III.  PLANCHE  TO  SUMER  IS 
ICUMEN  IN.  Demy  8vo.  cloth,  with  Illustrations  in  Music 
Type  and  Woodcut.  Also  published  in  Parts.  Parts  I.  to  XIV., 
Parts  XIX.  and  XX.,  price  3^.  6d.  each.  Parts  XV.,  XVI.,  price  fs. 
Parts  XVII.,  XVIIL,  price  7j. 

"Dr.  Grove's  Dictionary  will  be  a  boon  to  every  intelligent  lover  of  music." — 
Saturday  Revtew. 

Huxley.— INTRODUCTORY  PRIMER  OF  SCIENCE.  By  T. 
H.  Huxley,  F.R.S.,  &c.     i8mo.     is, 

Ibbetson.— THE  mathematical  theory  of  PER. 

FECTLY  ELASTIC  SOLIDS,  with  a  Short  Account  of  Viscous 
Fluids.  An  Elementary  Treatise.  By  William  John  Ibb  etson, 
B.A.,F.R.A.S.,  Senior  Scholar  of  Clare  College,  Cambridge.  Svo. 

\In  the  press, 

Kempe.— HOW  to  draw  a  straight  line  ;  a  Lecture 
on  Linkages.  By  A.  B.  Kempe.  With  Illustrations.  Crown 
Svo.     IJ.  6^.     {Nature  Series, ) 

Kennedy. — the  mechanics  of  machinery.  By  a.  b. 

W.  Kennedy,  M.Inst.C.E.,  Profe«^sorof  Engineering  and  Mechani- 
cal Technology  in  University  College,  London.  With  numerous 
Illustrations.     Crown  Svo.  [Shortly, 

Lang.— EXPERIMENTAL  PHYSICS.  By  P.  R.  Scott  Lang, 
M.A.,  Professor  of  Mathematics  in  the  University  of  St.  Andrews. 
Crown  Svo.  [In  preparation. 

Lupton.— NUMERICAL  TABLES  AND  CONSTANTS  IN 
ELEMENTARY  SCIENCE.  By  Sydney  Lupton,  M.A., 
F.C.S.,  F.I.C.,  Assistant  Master  at  Harrow  School.  Extra  fcap. 
Svo.     25,  6d. 

Macfarlane, — PHYSICAL  ARITHMETIC.  By  Alexander 
Macfarlane,  D.Sc,  Examiner  in  Mathematics  in  the  University 
of  Edinburgh.     Crown  Svo.     'js.  6d. 
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Mayer. -^SOUND :  a  Series  of  Simple,  Entertaining,  and  Inex- 
pensive Experiments  in  the  Phenomena  of  Somid,  for  the  Use  of 
Students  of  every  age.  By  A.  M.  Mayer,  Professor  of  Physics 
in  the  Stevens  Institute  of  Technology,  &c.  With  numerous 
Illustrations.     Cr->wn  8vo.     2s.  (id,     {Nature  Series,) 

Mayer  and   Barnard— light  :  a  Series  of  Simple,  Enter- 
taining,  and  Inexpensive  Experiments  in  the  Phenomena  of  Light, 
for  the  Use  of  Students  of  every  age.     By  A.  M.  Mayer  and  C. 
Barnard.     With  numerous  Illustrations.     Crown  8vo.     2s,  6d, 
(Naiure  Series,) 

Newton. — PRINCIPIA.  Edited  by  Professor  Sir  W.  Thomson 
and  Professor  Blackburn e.  4to,  cloth.  31X.  6d, 
THE  FIRST  THREE  SECTIONS  OF  NEWTON'S  PRIN- 
CIPIA.  With  Notes  and  Illustrations.  Also  a  Collection  of 
Problems,  principally  intended  as  Examples  of  Newton's  Methods. 
By  Percival  Frost,  M.A.     Third  Edition.     8vo.     12s, 

Parkinson. — ^A  TREATISE  ON  OPTICS.  By  S.  Parkinson, 
D  D.,  F.R.S.,  Tutor  and  Prgelector  of  St.  John's  College,  Cam- 
bridge. Fourth  Edition,  revised  and  enlarged.  Crown  8vo.  los,  6d, 

Perry.  —  STEAM.  AN  ELEMENTARY  TREATISE.  By 
John  Perry,  C.E.,  Whitworth  Scholar,  Fellow  of  the  Chemical 
Society,  Professor  of  Mechanical  Engineering  and  Applied  Mech- 
anics at  the  Technical  College,  Finsbury.  With  numerous  Wood- 
cuts and  Numerical  Examples  and  Exercises.     i8mo.   4s.  6d, 

Ramsay.—  experimental   proofs   of   chemical 

THEORY  FOR  BEGINNERS.  By  William  Ramsay,  Ph.D., 
Professor  of  Chemistry  in  University  College,  Bristol.  Pott  8vo. 
2s,  6d, 

Rayleigh. — ^THE  THEORY  OF  SO UND.  By  Lord  Rayleigh, 
M.A.,  F.R.S.,  formerly  Fdlow  of  Trinity  College,  Cambridge, 
8vo.     Vol.  I.  I2J.  6d,     Vol.  II.  I2s.  6d,      [Vol.  HI.  in  the  press, 

Reuleaux.— THE  kinematics  of  machinery.  Out- 
lines of  a  Theory  of  Machines.  By  Professor  F.  Reuleaux. 
Translated  and  Edited  by  Professor  A.  B.  W.  Kennedy,  C.E. 
With  450  Illustrations.     Medium  8vo.     21s, 

Roscoe  and  Schuster spectrum  analysis.  Lectures 

delivered  in  1868  before  the  Society  of  Apothecaries  of  London. 
By  Sir  Henry  E.  Roscoe,  LL.D.,  F.R.  S.,  Professor  of  Chemistry 
in  the  Owens  College,  Victoria  University,  Mai. Chester.  Fourth 
Edition,  revised  and  considerably  enlarged  by  the  Author  and  by 
Arthur  Schuster,  F.R.S.,  Ph.D.,  Professor  of  Applied  Mathe- 
matics in  the  Owens  College,  Victoria  University.  With  Ap- 
pendices, numeruuo  Ulu^airations*  and  Plater^.     Medium  8vo.  2ir 
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Shan n.— AN  elementary  treatise  on  heat,  in 

RELATION  TO  STEAM   AND   THE    STEAM-ENGINE. 

By  G.  Shann,  M.A.     With  Illustrations.     Crown  8vo.     4s.  6d. 
SpOttiswOOde.— POLARISATION  OF  LIGHT.     By  the  late 

W.   Spottiswoode,   F.R.S.     With  many  Illustrations.     New 

Edition.     Crown  8vo.     3J.  Cd.     {^Nature  Serus,) 
Stewart  (Balfour). — Works  by  Balfour  Stewart,  F.R.S., 

Professor  of  Natural  Philosophy  in  the  Owens  College,  Victoria 

University,  Manchester. 
PRIMER  OF   PHYSICS.     With  numerous  lUustrations.      New 

Edition,  with  Questions.     i8mo.     is.     {Science  Primers,) 
LESSONS   IN  ELEMENTARY   PHYSICS.      With  numerous 

Illustrations  and  Chromolitho  of  the  Spectra  of  the  Sun,  Stars, 

and  Nebulae.     New  Edition.     Fcap.  8vo.    4J.  6d. 
QUESTIONS  ON  BALFOUR  STEWARTS  ELEMENTARY 

LESSONS  IN  PHYSICS.     By  Prof.  Thomas  H.  Core,  Owens 

College,  Manchester.     Fcap.  8vo.     2s, 

Stewart  and  Gee.— elementary  practical  phy- 
sics, LESSONS  IN.  By  Professor  Balfour  Stewart,  F.R.S., 
and  W.  Haldane  Gee.     Crown  8vo. 

Part  L— GENERAL  PHYSICAL  PROCESSES.    6x. 

Part  II.— OPTICS,  HEAT,  AND  SOUND.  [In  the  press. 

Part  IIL—ELECTRICITY  AND  MAGNETISM.  [In preparation. 

A  SCHOOL  COURSE  OF  PRACTICAL  PHYSICS.  By  the 
same  authors.  [In  preparation 

Stokes. — ON  LIGHT.  Being  the  Burnett  Lectures,  delivered  in 
Aberdeen  in  1883 -1884.  By  George  Gabriel  Stokes,  M.A., 
F.R.S.,  &c.,  Fellow  of  Pembroke  College,  and  Lucasian  Professor 
of  Mathematics  in  the  University  of  Cambridge.  First  Course. 
On  the  Nature  of  Light.—  Second  Course.  On  Light  as 
A  Means  of  Investigation.    Crown  8vo.    2f.  6^.  each. 

•      [Third  Course  in  the  press* 

Stone.— AN  ELEMENTARY  TREATISE  ON  SOUND.  By 
W,  H.   Stone,  M.D.    With  Illustrations.     iSmo.    y.  6d. 

Tait. — HEAT.  By  P.  G.  Tait,  M.A.,  Sec.  R.S.E.,  formerly 
Fellow  of  St.  Peter*s  College,  Cambridge,  Professor  of  Natural 
Philosophy  in  the  University  of  Edinburgh.     Crown  8vo.     6s, 

Thompson.— ELEMENTARY  LESSONS  IN  ELECTRICITY 
AND  MAGNETISM.  By  Silvanus  P.  Thompson,  Principal 
and  Professor  of  Physics  in  the  Technical  College,  Finsbury.  With 
Illustrations.    New  Edition.     Fcap.  8vo.    4r.  6d, 

Thomson.— ELECTROSTATICS  AND  MAGNETISM,  RE- 
PRINTS OF  PAPERS  ON.  By  Sir  William  Thomson, 
D.C.L.,  LL.D,,  F.R.S.,  F.R.S.E.,  Fellow  of  St  Peter's  Coll^, 
Cambridge,  and  Professor  of  Natursd  Philosophy  in  the  University 
of  Glasgow.     Second  Edition.     Medium  8vo.     iZs. 
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Thomson. — the    motion    of    vortex  rings,    a 

TREATISE  ON.  An  Essay  to  which  the  Adams  Prize  was 
adjudged  in  1882  in  the  University  of  Cambridge.  By  J.  J. 
Thomson,  Fellow  of  Trinity  College,  Cambridge,  and  Professor  of 
Experimental  Physics  in  the  University.  With  Diagrams.  8vo.  6s. 

Todhunter.— NATURAL  PHILOSOPHY  FOR  BEGINNERS. 
By  I.  Todhunter,  M.A.,  F.R.S.,  D.Sc. 
Part  I.  The  Properties  of  Solid  and  Fluid  Bodies.     i8mo.    jr.  6d» 
Part  II.  Sound,  Light,  and  Heat.     i8mo.     3X.  6^. 

Turner.— HEAT  and  electricity,  a  collection  of 

EXAMPLES  ON.  By  H.  H.  Turner,  B.  A.,  FeUow  of  Trinity 
College,  Cambridge.  Crown  8vo.  2s,  6d, 
Wright  (Lewis).  —  light  ;  A  COURSE  OF  experi- 
mental OPTICS,  CHIEFLY  WITH  THE  LANTERN. 
By  Lewis  Wright.  With  nearly  200  Engravings  and  Coloured 
Plates.     Crown  8vo.    p,  6d, 

ASTRONOMY. 

Airy.— POPULAR  ASTRONOMY.  With  Illustrations  by  Sir 
G.  B.  Airy,  K.C.B.,  formerly  Astronomer-Royal.  New  Edition, 
l8mo.     4r.  6^. 

Forbes.— TRANSIT  OF  VENUS.  By  G.  Forbes,  M.A., 
Professor  of  Natural  Philosophy  in  the  Andersonian  Umversity, 
Glasgow.     Illustrated.    Crown  8vo.     3J.  6d,     {Nature  Series.) 

Godfray. — Works  by  Hugh  Godfray,  M.A.,  Mathematical 
Lecturer  at  Pembroke  College,  Cambridge. 

.  A  TREATISE  ON  ASTRONOMY,  for  the  Use  of  Colleges  and 
Schools.     New  Edition.     8vo.     12s.  6d. 
AN  ELEMENTARY  TREATISE  ON  THE  LUNAR  THEORY, 
with  a  Brief  Sketch  of  the  Problem  up  to  the  time  of  Newton. 
Second  Edition,  revised.     Crown  8vo.     5^.  6d, 

Lockyer. — Works  by  J.  Norman  Lockyer,  F.R.S. 
PRIMER    OF    ASTRONOMY.      With    numerous    lUustrations. 

New  Edition.     i8mo.     is,     {Science  IVimers.) 
ELEMENTARY  LESSONS  IN  ASTRONOMY.     With  Coloured 
Diagram  of  the  Spectra  of  the  Sun,    Stars,   and  Nebulae,  and 
numerous  Illustrations.     New  Edition.     Fcap.  8vo.     5^.  6d, 
QUESTIONS  ON  LOCKYER'S  ELEMENTARY  LESSONS  IN 
ASTRONOMY.     For  the  Use  of  Schools.    By  John  Forbes- 
Robertson.     i8mo,  cloth  limp.     is.  6J. 
Newcomb. — ^POPULAR  ASTRONOMY.     By  S.   Newcomb, 
LL.D.,  Professor  U.S.  Naval  Observatory.   With  112  Illustrations 
and  5  Maps  of  the  Stars.     Second  Edition,  revised.    8vo.     i&r. 
*'It  u  unlike  anything  else  of  its  kind,  and  will  be  of  more  use  in  drcuIatinK  a 
knowledge  of  Astronomy  than  nine-tenths  of  the  books  which  have  ap|)eared  on  ihe 
subject  of* late  years."— Saturday  Review. 
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CHEMISTRY. 

Cooke.— ELEMENTS  OF  CHEMICAL  PHYSICS.  By 
JosiAH  P.  CooKE,  Junr.,  Erving  Professor  of  Chemistry  and 
Mineralogy  in  Harvard  University.  Fourth  Edition.  Royal 
8vo.     vis, 

Fleischer.— A  system  of  volumetric  analysis. 

Translated,  with  Notes  and  Additions,  from  the  Second  German 
Edition,  by  M.  M.  Pattison  Muir,  F.R.S.E.  With  Illustrations 
Crown  8vo.     7^.  6d, 

Jones. — Works  by  Francis  Jones,  F.R.S.E.,  F.C.S.,  Chemical 
Master  in  the  Granmiar  School,  Manchester. 

THE  OWENS  COLLEGE  JUNIOR  COURSE  OF  PRAC- 
TICAL CHEMISTRY.  With  Preface  by  Sir  Henry  Roscoe;, 
F.R.S.,  and  Illustrations.     New  Edition.     i8mo.     2s,  6d. 

QUESTIONS  ON  CHEMISTRY.  A  Series  of  Problems  and 
Exercises  in  Inorganic  and  Organic  Chemistry.     Fcap.  8vo.     3^. 

Landauer. — blowpipe  analysis.     By  j.  landauer- 

Authorised  English  Edition  by  J.  Taylor  and  W.  E.  Kay,  o^ 
Owens  College,  Manchester.     Extra  fcap.  8vo.    4r.  6d. 

Lupt on. —ELEMENTARY  CHEMICAL  ARITHMETIC.  With 
1,100  Problems.  By  Sydney  Lupton,  M.A.,  Assistant-Master 
at  Harrow.    Extra  fcap.  8vo.    5^. 

Muir.— PRACTICAL  CHEMISTRY  FOR  MEDICAL  STU- 
DENTS. Specially  arranged  for  the  first  M.B.  Course.  By 
M.  M.  Pattison  Muir,  F.R.S.E.    Fcap.  8vo.    is,  6d, 

Muir  and  Wilson. — the  elements  of  thermal 

CHEMISTRY.  By  M.  M.  Pattison  Muir,  M.A.,  F.R.S.E., 
Fellow  and  Praelector  of  Chemistry  in  Gonville  and  Caius  CoU^e, 
Cambridge ;  Assisted  by  David  Muir  Wilson.  8yo.  12s,  6d. 
Remsen. — compounds  of  carbon  ;  or,  Organic  Chemistry, 
an  Introduction  to  the  Study  of.  By  Ira  Remsen,  Professor  of 
Chemistry  in  the  Johns  Hopkins  University.  Crown  8vo.  6s,  6d. 
Roscoe. — Works  by  Sir  Henry  E.  RoscoE,  F.R.S.,  Professor  of 
Chemistry  in  Uie  Victoria  University  the  Owens  College,  Manchester. 

PRIMER  OF  CHEMISTRY.  With  numerous  Illustrations.  New 
Edition.     With  Questions.     l8mo.     is.     {Science  Primers). 

LESSONS  IN  ELEMENTARY  CHEMISTRY,  INORGANIC 
AND  ORGANIC.  With  numerous  Illustrations  and  Chromolitho 
of  the  Solar  Speclaiun,  and  of  the  Alkalies  and  Alkaline  Earths. 
New  Edition.     Fcap.  8vo.     4J,  6d, 

A  SERIES  OF  CHEMICAL  PROBLEMS,  prepared  with  Special 
Reference  to  the  foregoing,  by  T.  E.  Thorpe,  Ph.D.,  Professor 
of  Chemistry  in  the  Yorkshire  College  of  Science,  Leeds,  Adapted 
for  the  Preparation  of  Students  for  the  Government,  Science,  and 
Society  of  Arts  Examinations.  With  a  Preface  by  Sir  Henry  E. 
Roscoe,  F.R.S.    New  Edition,  with  Key.     z8mo.    2s, 
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Roscoe  and  Schorlemmer. — inorganic  and  or- 
ganic CHEMISTRY.  A  Complete  Treatise  on  Inorganic  and 
Organic  Chemistry.  By  Sir  Henry  E.  RoscoE,  F.R.S.,  and 
Professor  C.  Schorlemmer,  F.R.S.  With  numerous  Illustrations. 
Medium  Svo. 

Vols.  I.  and  II.— INORGANIC  CHEMISTRY. 

Vol.  I.— The  Non-Metallic  Elements.      21s,     VoL  II.    Part  I.— 
Metals.     i8j.     Vol.  II.  Part  II.— Metals.     iSs, 

Vol.  III.— ORGANIC  CHEMISTRY.     Two  Parts.     21s.  each. 
THE  CHEMISTRY  OF  THE  HYDROCARBONS  and  their 
Derivatives,  or  ORGANIC  CHEMISTRY,       With   numerous 
Illustrations.    Medium  Svo.    21s.  each. 

Vol.  IV.— Part  I.     ORGANIC  CHEMISTRY,  continued. 

[In  the  press, 

Schorlemmer.— A  manual  of  the  chemistry  of 

THE  CARBON  COMPOUNDS,  OR  ORGANIC  CHE- 
MISTRY. By  C.  Schorlemmer,  F.R.S.,  Professor  of  Che- 
mistry in  the  Victoria  University  the  Owens  College,  Manchester. 
With  Illustrations.    Svo.     14^. 

Thorpe. — a  SERIES  OF  CHEMICAL  PROBLEMS,  prepared 
with  Special  Reference  to  Sir  H.  E.  Roscoe's  Lessons  in  Elemen- 
tary Chemistry,  by  T.  E.  Thorpe,  Ph.D.,  Professor  of  Chemistry 
in  the  Yorkshire  College  of  Science,  Leeds,  adapted  for  the  Pre- 
paration of  Students  for  the  Government,  Science,  and  Society  of 
Arts  Examinations.  With  a  Preface  by  Sir  Henry  E.  Roscoe, 
F.R.S.     New  Edition,  with  Key.     iSmo.     2J. 

Thorpe  and  Rucker.— a  treatise  on  chemical 

PHYSICS.  By  T.  E.  Thorpe,  Ph.D.,  F.R.S.  Professor  of 
Chemistry  in  the  Normal  School  of  Science,  and  Professor  A.  W. 
Rucker.    Illustrated.    Svo  \In  Preparation. 

Wright.— METALS  AND  THEIR  CHIEF  INDUSTRIAL 
APPLICATIONS.  By  C.  Alder  Wright,  D.Sc,  &c., 
Lecturer  on  Chemistry  in  St.  Mary's  Hospital  Medical  School. 
Extra  fcap.  Svo.    3^.  dd, 

^  BIOLOGY. 

Allen. — ON  THE  COLOUR  OF  FLOWERS,   as  Illustrated  in 
the  British   Flora.      By  Grant  Allen.      With   Illustrations 
Crown  Svo.    jj.  6df.     {Nature Series.) 

Balfour.  — A  TREATISE  ON  COMPARATIVE  EMBRY- 
OLOGY.  By  F.  M.  Balfour,  M.A.,  F.R.S.,  Fellow  and 
Lecturer  of  Trinity  College,  Cambridge.  With  Illustrations. 
Second  Edition,  reprinted  without  alteration  from  the  First 
Edition.     In  2  vols.     Svo.     Vol.  I.  iSj.     Vol.  11.  21  J. 
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Bettany.— FIRST  lessons  in  practical  botany. 

By  G.  T.  Bettany,  M.  A.,  F.L.S.,  Lecturer  in  Botany  at  Guy's 
Hospital  Medical  School.     i8mo.     i^. 

Bower— Vines. — A  COURSE  OF  PRACTICAL  instruc- 
tion IN  botany.  By  F.  O.  Bower,  M.A.,  F.L.S., 
Professor  of  Botany  in  the  University  of  Glasgow,  and  Sydney 
H.  Vines,  M.A.,  D.Sc,  F.R.S.,  Fellow  and  Lecturer,  Christ's 
College,  Cambridge.  With  a  Preface  by  W.  T.  Thiselton 
Dyer,  M.A.,  C.M.G.,  F.R.S.,  F.L.S.,  Director  of  the  Royal 
Gardens,  Kew. 

Part  L— PHANEROGAMS— PTERIDOPHYTA.  Crown  8vo. 
6j. 

Darwin  (Charles).— memorial  notices  ofcharles 

DARWIN,  F.R.S.,  &c.  By  Thomas  Henry  Huxley,  F.R.S., 
G.  J.  Romanes,  F.R.S.,  Archibald  Geikie,  F.R.S.,  and 
W.  T.  Thiselton  Dyer,  F.R.S.  Reprinted  from  Nature, 
With  a  Portrait,  engraved  by  C.  H,  Jeens.  Crown  8vo. 
2 J.  dd,     {Nature  Series,) 

Flower  and  Gadow. —  AN  INTRODUCTION  TO  THE 

OSTEOLOGY  OF  THE  MAMMALIA.  By  William  Henry 
Flower,  LL.D.,  F.R.S.,  Director  of  the  Natural  History  De- 
partments of  the  British  Museum,  late  Hunterian  Professor  of 
Comparative  Anatomy  and  Physiology  in  the  Royal  College  of 
Surgeons  of  England.  With  numerous  Illustrations.  Third 
Edition.  Revised  with  the  assistance  of  Hans  Gadow,  Ph.D., 
M.A.,  Lecturer  on  the  Advanced  Morphology  of  Vertebrates  and 
Strickland  Curator  in  the  University  of  Cambridge.  Crown  8vo. 
los*  6d, 

Poster. — Works  by  Michael  Foster,  M.D.,  Sec.  R.S.,  Professor 
of  Physiology  in  the  University  of  Cambridge. 

PRIMER    OF    PHYSIOLOGY.      With  numerous  Illustrations. 
New  Edition.     i8mo.     is, 

A  TEXT-BOOK  OF  PHYSIOLOGY.    With  Illustrations.   Fourth 
Edition,  revised.     8vo.     2is, 

Foster  and  Balfour.—THE  elements^  OF  embry- 
ology. By  Michael  Foster,  M.A.,  M.D.,  LL.D.,  Sec.  R.S., 
Professor  of  Physiology  in  the  University  of  Cambridge,  Fellow 
of  Trinity  College,  Cambridge,  and  the  late  Francis  M.  Balfour, 
M.A.,  LL.D.,  F.R.S.,  Fellow  of  Trinity  College,  Cambridge, 
and  Professor  of  Animal  Morphology  in  the  University.  Second 
Edition,  revised.  Edited  by  Adam  Sedgwick,  M.A.,  Fellow 
and  Assistant  Lecturer  of  Trinity  College,  Cambridge,  and  Walter 
Heape,  Demonstrator  in  the  Morphological  Laboratory  of  the 
University  of  Cambridge.  With  lUabtrations.  Crown  8vo.  tos,  6d, 


SCIENCE.  43 


Foster  and  Langley. — a  COURSE  of  elementary 

PRACTICAL  PHYSIOLOGY.  By  Prof.  Michael  Foster, 
M.D.,  Sec.  R.S.,  &c.,  and  J.  N.  Langley,  M.A.,  F.R.S.,  Fellow 
of   Trinity   College,   Cambridge.      Fifth  Edition.      Crown  8vo. 

Gamgee. — a  text-book   of   the  physiological 

CHEMISTRY  OF  THE  ANIMAL  BODY.  Including  an 
Account  of  the  Chemical  Changes  occun-ing  in  Disease.  By  A. 
Gamgee,  M.D.,  F.R.S.,  Professor  of  Physiology  in  the  Victoria 
University  the  Owens  College,  Manchester.  2  Vols.  8vo. 
With  Illustrations.     Vol.  I.     i8j.  [Vol.  //.  in  the  press, 

Gegenbaur.— ELEMENTS  OF  comparative  anatomy. 

By  Professor  Carl  Gegenbaur.  A  Translation  by  F.  Jeffrey 
Bell,  B.A.  Revised  with  Preface  by  Professor  E.  Ray  Lan- 
KESTER,  F.R.S.     With  numerous  Illustrations.     8vo.     2ix. 

Gray.— STRUCTURAL  BOTANY,  OR  ORGANOGRAPHY 
ON  THE  BASIS  OF  MORPHOLOGY.  To  which  are  added 
the  principles  of  Taxonomy  and  Phytography,  and  a  Glossary  of 
Botanical  Terms.    By  Professor  Asa  Gray,  LL.D.    Svo.    lOf.  6^. 

Hooker. — Works  by  Sir  J.  D.  Hooker,  K.C.S.I.,  C.B.,  M.D., 
F.R.  S.,  D.O.L* 

PRIMER  OF  BOTANY.      With  numerous  Illustrations.      New 
Edition.     i8mo.     u.     {Science  Friniers,) 

THE  STUDENTS  FLORA  OF  THE  BRITISH  ISLANDS. 
Third  Edition,  revised.     Globe  8vo.     lor.  6d, 

Howes.— AN  ATLAS  OF  PRACTICAL  ELEMENTARY 
BIOLOGY.  By  G.  B.  Howes,  Assistant  Professor  of  Zoology, 
Normal  School  of  Science  and  Royal  School  of  Mines.  With  a 
Preface  by  Thomas  Henry  Huxley,  F.R.S.  Royal  4to.  14X. 

Huxley. — Works  by  Thomas  Henry  Huxley,  F.R.S. 

INTRODUCTORY    PRIMER    OF    SCIENCE.       i8mo.       is, 
{Science  Primers,) 

LESSONS  IN  ELEMENTARY  PHYSIOLOGY.  With  numerous 
Illustrations.     New  Edition  Revised.     Fcap.  8vo.     4J.  6d, 

QUESTIONS  ON  HUXLEY'S  PHYSIOLOGY  FOR  SCHOOLS. 
By  T.  ALCOCK,  M.D.     i8mo.     is,  6d, 

Huxley  and  Martin.— a  course  OF  practical  in 

STRUCTION  IN  ELEMENTARY  BIOLOGY.     By  Thomas 
Henry  Huxley,  F.R.S.,  assisted  by  H.  N.  Martin,  M.B. 
D.  Sc,   New  Edition,  revised.     Crown  8vo.     6s, 
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Kane. — EUROPEAN  butterflies,  a  handbook  of. 

By  W.  F.  De  ViSMES  Kane,  M.A.,  M.R.LA.,  Member  of  the 
Entomolc^cal  Society  of  London,  &c.  With  Copper  Plate  Illustra- 
tions. Crown  8vo.  lOJ.  6d, 
A  LIST  OF  EUROPEAN  RHOPALOCERA  WITH  THEIR 
VARIETIES  AND  PRINCIPAL  SYNONYMS.  Reprinted 
from  the  Handbook  of  European  Butterflus,     Crown  8vo.     is, 

Lankester. — Works  by  Professor  E.  Ray  Lankester,  F.R.S. 
A  TEXT  BOOK  OF  ZOOLOGY.     C.own  8vo.     [In preparation. 
DEGENERATION  :   A  CHAPTER  IN  DARWINISM.     Illus- 
trated.    Crown  8vo.     2s.  6d,     {Nature  Series,) 

Lubbock. — Works  by  Sir  John  Lubbock,  M.P.,  F.R.S.,  D.C.L- 
THE    ORIGIN    AND    METAMORPHOSES    OF    INSECTS. 

With  numerous  Illustrations.     New  Edition.    Crown  8vo.    y,  6d> 

(Nature  Series.) 
ON   BRITISH    WILD   FLOWERS    CONSIDERED   IN  RE- 

LATION  TO  INSECTS.     With  numerous  Illustrations.    New 

Edition.     Crown  8vo.    4s.  6d,     {Nature  Series), 
FLOWERS,    FRUITS,    AND    LEAVES.     ^With   Illustrations. 

Crown  8vo.     4s.  6d.     {Nature  Series.) 

M'Kendrick.— OUTLINES  OF  PHYSIOLOGY  IN  ITS  RE-' 
LATIONS  TO  MAN.   By  J.  G.  M'Kendrick,  M.D.,  F.R.S.E. 
With  Illustrations.     Crown  8vo.     12s.  6d. 

Martin  and  Moale.— on  the  dissection  of  verte. 

BRATE  ANIMALS.      By  Professor  H.  N.  Martin  and  W.  A. 
Moale.     Crown  8vo.  [In  preparation. 

Mivart. — Works  by  St.  George  Mivart,  F.R.S.,  Lecturer  in 

Comparative  Anatomy  at  St.  Mary's  Hospital. 
LESSONS  IN  ELEMENTARY  ANATOMY.     With  upwards  01 

400  Illustrations.     Fcap.  8vo.     6s.  6d, 
THE  COMMON   FROG.     With  numerous  Illustrations.     Crown 

8vo.    JJ.  6d.     {Nature Series.) 

MuUer.— THE  fertilisation  of  flowers.  By  Pro- 
fessor Hermann  Muller.  Translated  and  Edited  by  D*Arcy 
W.  Thompson,  B.A.,  Professor  of  Biology  in  University  College, 
Dundee.  With  a  Preface  by  Charles  Darwin,  F.R.S.  With 
numerous  Illustrations.     Medium  8vo.     21s. 

Oliver. — Works  by  Daniel  Oliver,  F.R.S.,  &c..  Professor  of 
Botany  in  University  College,  London,  &c. 

FIRST  BOOK  OF  INDIAN  BOTANY.  With  numerous  Illus- 
trations.    Extra#fcap.  8vo.     6s.  6d. 

LESSONS  IN  ELEMENTARY  BOTANY.  With  nearly  200 
Illustrations.    New  Edition.     Fcap.  8vo.     4^.  6d„ 
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Parker. — A  COURSE  OF  INSTRUCTION  IN  ZOOTOMY 
(VERTEBRATA).  By  T.  Jeffrey  Parker,  B.Sc.  London, 
Professor  of  Biology  in  the  University  of  Otago,  New  Zealand. 
With  Illustrations.     Crown  8vo.     &r.  6d. 

Parker  and  Bettany.— the  MORPHOLOGY  OF  THE 

SKULL.  By  Professor  W.  K.  Parker,  F.R.S.,  and  G.  T. 
Bettany.     Illustrated.     Crown  8vo.     lor.  6d. 

Romanes. — the  scientific  evidences  of  organic 

EVOLUTION.  By  G.  J.  Romanes,  M.A.,  LL.D.,  F.R.S., 
Zoological  Secretary  to  the  Linnean  Society.  Crown  8vo.  2j.  6d, 
{Nature  Series.) 

Smith. — Works  by  John  Smith,  A.L.S.,  &c. 
A  DICTIONARY  OF  ECONOMIC  PLANTS.     Their  History, 

Products,  and  Uses.     8vo.     14 J. 
DOMESTIC   BOTANY  :    An  Exposition   of  the  Structure  and 
Classification  of  Plants,   and   their    Uses   for    Food,    Clothing, 
Medicine,  and  Manufacturing  Purposes.    With  Illustrations.    New 
Issue.    Crown  8 vo.     12s.  6d, 

Smith  (W.  G.)— DISEASES  OF  FIELD  AND  GARDEN 
CROPS,  CHIEFLY  SUCH  AS  ARE  CAUSED  BY  FUNGI. 
By  Worthington  G.  Smith,  F.L.S.,  M.A.I.,  Member  of  the 
Scientific  Committee  R.H.S.  With  143  New  Illustrations  drawn 
and  engraved  from  Nature  by  the  Author.     Fcap.  8vo.     4J.  6d. 

Wiedersheim  (Prof.).— manual  OF  COMPARATIVE 

ANATOMY.  Translated  and  Edited  by  Prof.  W.  N.  Parker. 
With  Illustrations.     8vo.  ^  {In  the  press, 

MEDICINE. 

Brunton. — ^Works  by  T.  Lauder  Brunton,  M.D.,  D.Sc, 
F.R.C.P.,  F.R.S.,  Assistant  Physician  and  Lecturer  on  Materia 
Medica  at  St.  Bartholomew's  Hospital;  -Examiner  in  Materia 
Medica  in  the  University  of  London,  in  the  Victoria  University, 
and  in  the  Royal  College  of  Physicians,  London ;  late  Examiner 
in  the  University  of  Edinburgh. 

A  TEXT-BOOK  OF  PHARMACOLOGY,  THERAPEUTICS, 
AND  MATERIA  MEDICA.  Adapted  to  the  United  States 
Pharmacopoeia,  by  Francis  H.  Williams,  M.D.,  Boston, 
Mass.  Second  Edition.  Adapted  to  the  New  British  Pharmaco- 
poeia, 1885.  Medium  8vo.  21J. 
TABLES  OF  MATERIA  MEDICA:  A  Companion  to  the 
Materia  Medica  Museum.  With  Illustrations.  New  Edition 
Enlarged.     8vo.     icw.  6</. 

Hamilton.— A  TEXT-BOOK  OF  PATHOLOGY.  By  D.  J. 
Hamilton,  Professor  of  Pathological  Anatomy  (Sir  Erasmus 
Wilson  Chair),  Univeraty  of  Aberdeen.  8vo.         [In  preparation. 
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KiCAn. — MICKO-OKGANISMS  AND  DISEASE.  An  Intro- 
duction into  the  Study  of  Specific  Micro- Organisms.  By  E. 
Klein,  M.D.,  F.R.S.,  Lecturer  on  General  Anatomy  and  Ph3rsio- 
logy  in  the  Medical  School  of  St.  Bartholomew's  Hospital,  London. 
With  121  Illustrations.  Third  Edition,  Revised.    Crown  8vo      6s. 

Ziegler-Macalister. — text-book  of  pathological 

ANATOMY  AND  PATHOGENESIS.  By  Professor  Ernst 
ZiSGLSR  of  Tubingen.  Translated  and  Edited  for  £n£|^lish 
Students  by  Donald  Macalister,  M.A.,  M.D.,  B.Sc.,M.R.C.F., 
Fellow  and  Medical  Lecturer  of  St.  John's  College,  Cambridge, 
Physician  to  Addenbrooke's  Hospital,  and  Teacher  of  Medicine  in 
the  University.    With  numerous  Illustrations.    Medium  Svo. 

Part  L— GENERAL  PATHOLOGICAL  ANATOMY.     I2J.  6d. 

Part  IL— SPECIAL  PATHOLOGICAL  ANATOMY.  Sections 
L— VIII.    i2s.  6d.     Sections  IX.— XVIL  in  the  press. 

ANTHROPOLOGY. 

Flower.— FASHION  IN  DEFORMITY,  as  Ulnstrated  in  the 
Customs  of  Barbarous  and  Civilised  Races.  By  Professor 
Flower,  F.R.S.,  F.R.C.S.  With  Illustrations.  Crown  Svo. 
2s,  6d,    {Nature  Series,) 

Tylor.— ANTHROPOLOGY.  An  Introduction  to  the  Study  of 
Man  and  Civilisation;  ByE.  B.  Tylor,  D.C.L.,  F.R  S.  With 
numerous  Illustrations.    <])rown  Svo.     7x.  6</. 

PHYSICAL  GEOGRAPHY  &  GEOLOGY. 

Blanford.— THE  RUDIMENTS  OF  PHYSICAL  GEOGRA- 
PHY  FOR  THE  USE  OF  INDIAN  SCHOOLS ;  with  a 
Glossary  of  Technical  Terms  employed.  By  H.  F.  Blanford, 
F.R.S.     New  Edition,  with  Illustrations.     Globe  Svo.  2s,  6d, 

Geikie.-^ Works  by  Archibald  Geikie,  LL.D.,  F.R.S.,  Director- 
General  of  the  Geological  Survey  of  Great  Britain  and  Ireland,  and 
Director  of  the  Museum  of  Practical  Geology,  London,  formerly 
Murchison  Professor  of  Geology  and  Mineralogy  in  the  University 
of  Edinburgh,  &c. 

PRIMER  OF  PHYSICAL  GEOGRAPHY.  With  numerous 
Illustrations.  New  Edition.  With  Questions.  iSmo.  ij 
{Science  Prifners,) 

ELEMENTARY  LESSONS  IN  PHYSICAL  GEOGRAPHY. 
With  numerous  Illustrations.  New  Edition.  Fcap.  Svo.  ^s,  6d, 
QUESTIONS  ON  THE  SAME,     is,  6d. 
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Geikie — Works  by  Archibald  Geikie,  LL.D.,  &c.  {continued) — 
PRIMER  OF  GEOLOGY.     With  numerous  Illustrations.     New 

Edition.     i8mo.     is,,    {Science  Primers.) 
CLASS   BOOK   OF   GEOLOGY.      With  upwards  of  200  New 

Illustrations.     Crown  8vo.     loj.  6d. 
TEXT-BOOK  OF    GEOLOGY.      With  numerous  Illustrations. 

Second  Edition,  Fifth  Thousand,  Revised  and  Enlarged.  8vo.  2%s. 
OUTLINES  OF  FIELD  GEOLOGY.     With  lUustratians.     New 

Edition.    Extra  fcap.  8vo.    3^.  6d, 

Huxley. — PHYSIOGRAPHY.  An  Introduction  to  the  Study 
of  Nature.  By  Thomas  Henry  Huxley  F.R.S.  With 
numerous  Illustrations,  and  Coloured  Plates.  New  and  Cheaper 
Edition.     Crown  8vo.    6s. 

Phillips,— A  TREATISE  ON  ORE  DEPOSITS.  By  J.  Arthur 
Phillips,  F.R.S.,  V.P.G.S.,  F.C.S.,  M.Inst.C.E.,  Ancien  El^ve 
de  rfecole  des  Mines,  Paris  ;  Autlior  of  "  A  Manual  of  Metallurgy," 
"The  Mining  and  Metallurgy  of  Gold  and  Silver,"  &c  With 
numerous  Illustrations.    8vo.     25 j. 

AGRICULTURE. 

Frankland.— AGRICULTURAL  chemical  analysis, 

A  Handbook  of.  By  Percy  Faraday  Frankland,  Ph.D., 
B.Sc,  F.C.S.,  Associate  of  the  Royal  School  of  Mines,  and 
Demonstrator  of  Practic?!  and  Agricultural  Chemistry  in  the 
Normal  School  of  Science  and  Royal  School  of  Mmes,  South 
Kensington  Museum.  Founded  upon  Leitfadenfiir  die  Agnculiure 
Chemiche  Analyse,  von  Dr.  F.  Krocker.    Crown  8vo.     yj.  U/. 

Smith  (Worthington  G.).— DISEASES  OF  field  AND 

GARDEN  CROPS,  CHIEFLY  SUCH  AS  ARE  CAUSED  BY 
FUNGI  By  Worthington  G.  Smith,  F.L.S.,  M.A.I., 
Member' of  the  Scientific  Committee  of  the  R.H.S.  With  143 
Illustrations,  drawn  and  engraved  from  Nature  by  the  Author. 
Fcap.  8vo.    4f.  dd. 

Tanner. — Works  by  Henry  Tanner,  F.C.S.,  M.R.A.C., 
Examiner  in  the  Principles  of  Agriculture  under  the  Government 
Department  of  Science ;  Director  of  Education  in  the  Institute  of 
Aericulture,  South  Kensington,  London ;  sometime  Professor  of 
Agricultural  Science,  University  College,  AberysUvith. 

ELEMENTARY  LESSONS  IN  THE  SCIENCE  OF  AGRI- 
CULTURAL PRACTICE.     Fcap.  8vo.    3^.  6d, 

FIRST  PRINCIPLES  OF  AGRICULTURE.     i8mo.     is. 
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Tanner. — ^Works  by  Henry  Tanner,  F.C.S.,  &c.  {continued) — 
THE  PRINCIPLES  OF  AGRICULTURE.   A  Series  of  Reading 
Books  for  use  in    Elementary   Schools.      Prepared  by  Henry 
Tanner,  F.C.S.,  M.R. A. C.     Extra  fcap.  8vo. 

I.  The  Alphabet  of  the  Principles  of  Agriculture.     6^. 
II.  Further  Steps  in 'the  Principles  of  Agriculture,     u. 
III.  Elementary  School  Readings  on  the  Principles  of  Agriculture 
for  the  third  st^e.     \s, 

POLITICAL  ECONOMY. 

CoSSa.—GUIDE      TO      THE      STUDY      OF     POLITICAL 
ECONOMY.     By  Dr.  Luigi  Cossa,  Professor  in  the  University 
of  Pavia.     Translated  from  the  Second  Italian  Edition.     With  a 
Preface  by  W.  Stanley  Jevons,  F.R.S.    Crown  8vo.    4?.  6d, 
Fawcett  (Mrs.), — Works  by  MiLLiCENT  Garrett  Fawcett: — 
POLITICAL  ECONOMY  FOR  BEGINNERS,  WITH  QUES- 
TIONS.    Fourth  Edition.     i8mo.     2j.  dd, 
TALES  IN  POLITICAL  ECONOMY.     Crown  8vo.     y, 

Fawcett.— A  manual  of  political  economy.    By 

Right  Hon.  Henry  Fawcett,  F.R.S.  Sixth  Edition,  revised, 
with  a  chapter  on  ''State  Socialism  and  the  Nationalisation 
of  the  Land,"  and  an  Index.     Crown  8vo.     I2J. 

Jevons. — PRIMER  OF  political  economy.  By  W. 
Stanley  Jevons,  LL.D.,  M.A.,  F.R.S.  New  Edition.  i8mo. 
\$,     {Science  Primers,^ 

Marshall.— THE  ECONOMICS  OF  INDUSTRY.  By  A. 
Marshall,  M.A.,  Professor  of  Political  Economy  in  the  Uni- 
versity of  Cambridge,  and  Mary  P.  Marshall,  late  Lecturer  at 
Newnham  Hall,  Cambridge.     Extra  fcap.  8vo.     zs,  6d. 

Sidgwick.— THE  PRINCIPLES  OF  POLITICAL  ECONOMY. 
By  Professor  Henry  Sidgwick,  M.A.,  LL.D.,  Knightbridge 
Professor  of  Moral  Philosophy  in  the  University  of  Cambridge, 
&c.,  Author  of  "The  Methods  of  Ethics."    8vo.     i6s. 

Walker. — Works  by  Francis  A.  Walker,  M.A.,  Ph.D.,  Author 
of  "Money,"  **  Money  in  its  Relation  to  Trade,"  &c. 
POLITICAL  ECONOMY.    8vo.     loj.  6d, 
A  BRIEF  TEXT-BOOK  OF  POLITICAL  ECONOMY.     Crown 

8vo.     6s.  6d, 
THE  WAGES  QUESTION.     8vo.     14J. 

MENTAL  &  MORAL  PHILOSOPHY. 

CalderwOOd,— HANDBOOK  OF  moral  PHILOSOPHY. 
By  the  Rev.  Henry  Calderwood,  LL.D.,  Professor  of  Moral 
Philosophy,  Univcraty  of  Edinburgh.  New  Edition.  Crown  8vo.  df. 
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Clifford.— SEEING  AND  THINKING.  By  the  late  Professor 
W.  K.  Clifford,  F.R.S.  With  Diagrams.  Crown  8vo.  3J.  6d. 
(Nature  Series.) 

Jardine.— THE  elements  of  the  psychology  of 

COGNITION.  By  the  Rev.  Robert  Jardine,  B.D.,  D.Sc. 
(Edin.),  Ex-PrincipjJ  of  the  General  Assembly's  College,  Calcutta, 
Second  Edition,  revised  and  improved.     Crown  8vo.     6s,  6d, 

Jevons. — Works  by  the  late  W.  Stanley  Jevons,  LL.D.,  M.A., 

F.R.S. 
PRIMER  OF  LOGIC.   New  Edition.    i8mo.    is,    (Science  Primers,) 
ELEMENTARY  LESSONS  IN  LOGIC  ;  Deductive  and  Indue- 

tive,  with  copious  Questions  and  Examples,  and  a  Vocabulary  of 

Logical  Terms.     New  EditioiL     Fcap.  8vo.     31.  6d, 
THE  PRINCIPLES  OF  SCIENCE.     A  Treatise  on  Logic  and 

Scientific    Method.      New    and    Revised    Edition.     Crown  8vo. 

12s,  6d» 

STUDIES  IN  DEDUCTIVE  LOGIC.     Second  Edition.     Crown 
8vo.  *dr. 

Keynes. — FORMAL  LOGIC,  Studies  and  Exercises  in.  Including 
a  Generalisation  of  Logical  Processes  in  their  applic&tion  to 
Complex  Inferences.  By  John  Neville  Keynes,  M.A.,  late 
Fellow  of  Pembroke  College,  Cambridge.     Crown  8vo.     los,  td„ 

Ray. — A  TEXT-BOOK  OF  DEDUCTIVE  LOGIC  FOR  THE 
USE  OF  STUDENTS.  By  P.  K.  Ray,  D.Sc.  (Lon.  and  Edm.), 
Professor  of  Logic  and  Philosophy,  Dacca  College.  Second 
Edition.     Globe  8vo.     4J.  6d, 

Sidgwick.  — THE  METHODS  OF  ETHICS.  By  Professor 
Henry  Sidgwick,  M.A.,  LL.D.  Cambridge,  &c.  Third  Edition. 
8vo.  14J.  A  Supplement  to  the  Second  Edition,  containing  all 
the  important  Additions  and  Alterations  in  the  Third  Edition. 
Demy  8vo.     6s. 
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Arnold  (T.). — ^THE  second  PUNIC  war.  Being  Chapters 
from  THE  HISTORY  OF  ROME.  By  Thomas  Arnold, 
D.D.  Edited,  with  Notes,  by  W.  T.  Arnold,  M.A  With  8 
Maps.     Crown  8vo.     8j.  6d. 

Arnold  (W.  T.).— the  roman  system  of  provincial 

ADMINISTRATION  TO  THE  ACCESSION  of  CON  STAN- 
TINE  THE  GREAT.  By  W.  T.  Arnold,  M.A.    Crown  8vo.  6s. 
**  Ought  to  prove  a  valuable  handbook  to  the  student  of  Roman   history."— 

GaARDIAN. 

Beesly.— STORIES  from  the  history  of  rome. 

By  Mrs.  Beesly.     Fcap.  8vo.     2f.  6d, 

9 
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Brook. — FRENCH  HISTORY  FOR  ENGLISH  CHILDREN. 

By  Sarah  Brook.  With  Coloured  Maps.  Crown  8vo.    6s, 
Bryce. — the  HOLY  ROMAN  EMPIRE.    By  James  Bryce, 

D.  C.  L. ,  Fellow  of  Oriel  College,  and  Regius  Professor  of  Civil  Law 

in  the  University  of  Oxford.    Seventh  Edition.   Crown  8vo.  p.  6d. 
Buckley.— A  HISTORY  OF  ENGLAND  FOR  BEGINNERS. 

By  Arabella  Buckley.     Globe  8vo.  [In  preparation^ 

Clarke.— CLASS-BOOK  OF  GEOGRAPHY.  By  C.  B.  Clarke^ 
M.A.,  F.L.S.,  F.G.S.,  F.R.S.  New  Edition,  with  Eighteen 
Coloured  Maps.     Fcap.  Svo.     3^. 

Dicey.— LECTURES  INTRODUCTORY  TO  THE  STUDY 
OF  THE  LAW  OF  THE  CONSTITUTION.  By  A.  V.  Dicey, 
B.C.L.,  of  the  Inner  Temple,  Barrister-at-Law ;  Vinerian  Professor 
of  English  Law ;  Fellow  of  All  Souls  Collie,  Oxford;  Hon.  LL.D. 
Glasgow.     Demy  Svo.     lis,  6d. 

Dickens's    DICTIONARY    OF    THE    UNIVERSITY    OF 

OXFORD,  1885-6.     i8mo,  sewed,     u. 
Dickens's     DICTIONARY    OF    THE    UNIVERSITY    OF 
CAMBRIDGE,  1885-6.     i8mo,  sewed,     is. 
Both  books  (Oxford  and  Cambridge)  bound  together  in  one  volume. 
Cloth.     2f.  6d, 
Freenian. — OLD    ENGLISH   HISTORY.     By  Edward    A. 
Freeman,  D.C.L.,  LL.D.,  Regius  Professor  of  Modern  History 
in  the  University  of  Oxford,  &c.      With  Five  Coloured  Maps. 
New  Edition.     Extra  fcap.  Svo.     6s, 
A  SCHOOL  HISTORY  OF  ROME.    By  the  same  Author.    Crown 
Svo.  [In  preparation. 

METHODS  OF  HISTORICAL  STUDY.    A  Course  of  Lectures. 
By  the  Same  Author.     Svo.  [In  the  press ^ 

Green.  —  Works   by   John   Richard  Green,    M.A.,    LL.D., 
late  Honorary  Fellow  of  Jesus  College,  Oxford. 
SHORT    HISTORY    OF    THE  ENGLISH  PEOPLE.      With 
Coloured  Maps,  Genealogical  Tables,  and  Chronological  Annals. 
Crown  Svo.     %s,  6d.     114th  Thousand. 
"  Stands  alone  as  the  one  eeneral  history^  of  the  country,  for  the  sake  of  which 
.  an  others,   if  young  and  old  are  wise,  will  be  speedily  and  surely  set  aside." — 
Academy 
ANALYSIS  OF  ENGLISH  HISTORY,  based  on  Green's  «*  Short 
History  of  the  English  People."     By  C.   W.   A.   Tait,  M.A., 
Assistant-Master,  Clifton  College.    Crown  Svo.     y.  6d. 
READINGS     FROM    ENGLISH    HISTORY.      Selected    and 
Edited  by  John  Richard  Green.     Three  Parts.     Globe  Svo. 
is.  6d.  each.     I.   Hengist  to  Cressy.     11.  Cressy  to  Cromwell. 
III.  Cromwell  to  Balaklava. 
Green.  —  a    short    GEOGRAPHY    OF    THE    BRITISH 
ISLANDS.    By  John  Richard  Green  and  Alice  Stopfo&d 
Green.      With  Maps.    Fcap.  Svo.    ^.  6d, 
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Grove.— A  primer  of  geography.  By  Sir  Georgb 
Grovb,  D.C.L.  With  Illustrations.  iSmo.  is,  {Science 
Primers,) 

Guest.— LECTURES  ON  THE  HISTORY  OF  ENGLAND. 
By  M.  J.  Guest.     With  Maps.     Crown  8yo.    6s, 

Historical  Course  for  Schools — Edited  by  Edward  a. 

Freeman,  D.C.L.,  LL.D.,  late  Fellow  of  Trinity  College,  Oxford, 

Regius  Professor  of  Modem  History  in  the  University  of  Oxford. 
L— GENERAL  SKETCH  OF  EUROPEAN   HISTORY.      By 

Edward    A.    Freeman,    D.C.L.    New  Edition,  revised  and 

enlarged,  with  Chronological  Table,  Maps,  and  Index.  i8mo.  y,  6d, 
II.— HISTORY  OF  ENGLAND.    By  Edith  Thompson.    New 

Ed.,  revised  and  enlarged,  with  Coloured  Maps.     i8mo.    2s,  6d. 
III.— HISTORY  OF  SCOTLAND.  By  Margaret  Macarthur. 

New  Edition.     i8mo.     2s, 
IV.-HISTORY  OF  ITALY.    By  the  Rev.   W.   Hunt,   M.A. 

New  Edition,  with  Coloured  Maps.     i8mo.     y,  6d, 
v.— HISTORY  OF  GERMANY.      By  J.   Sime,    M.A.      New 

Edition  Revised.     iSmo.     5^. 
VI.— HISTORY  OF  AMERICA.     By  John  A.  Doyle.     With 

Maps.     i8mo.     4s,  6d. 
VII.— EUROPEAN  COLONIES.    By  E.  J.  Payne,  M.A.     With 

Maps.     i8mo.     4r.  6d, 
VIIL— FRANCE.     By  Charlotte  M.  Yonge.      With    Maps. 

i8mo.     3^.  6d. 
GREECE.    By  Edward  A.  Freeman,  D.C.L.     [In preparation. 
ROME.    By  Edward  A.  Freeman,  D.C.L.  [In preparation. 

History  Primers— Edited  by  John  Richard  Green,  M.A., 

LL.D.,  Author  of  "A  Short  History  of  the  English  People." 
ROME.     By  the  Rev.  M.  Creighton,  M.A.,  Dixie  Professor  of 

Ecclesiastical  History  in  the  University  of   Cambridge.     With 

Eleven  Maps.     i8mo.   is, 
GREECE.    By  C.  A.   Fyffe,   M.A.,   Fellow  and  late  Tutor  of 

University  College,  Oxford.    With  Five  Maps.    i8mo.     is, 
EUROPEAN  HISTORY.     By  E.  A.  Freeman,  D.C.L.,  LL.D. 

With  Maps.     i8mo.     is, 
GREEK  ANTIQUITIES.     By  the  Rev.  J.  P.  Mahaffy,  M.A. 

Illustrated.     i8mo.     is. 
CLASSICAL  GEOGRAPHY.   By  H.  F.  Tozer,  M.A.  i8mo.  is, 
GEOGRAPHY.     By  Sir  G.  Grove,  D.C.L.     Maps.     i8mo.     is. 
ROMAN    ANTIQUITIES.       By    Professor    Wilkins.       Illus- 
trated.    i8mo.     is. 
FRANCE.    By  Charlotte  M.  Yonge.     i8mo.     is. 

Hole.— A  GENEALOGICAL  STEMMA  OF  THE  KINGS  OF 
ENGLAND  AND  FRANCE.  By  the  Rev.  C.  Hole.  On 
Sheet,     is, 

i  2 
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Jennings. — chronological  tables.  Compiled  by  Rev. 
A.  C.  Jennings.  [/« the  press, 

Kiepert — a  manual  of  ancient  geography.  From 
file  German  of  Dr.  H.  Kiepert.    Crown  8vo.    ^s. 

Labberton.-— an  historical  atlas.  Comprising  141 
Maps,  to  which  is  added,  besides  an  Explanatory  Text  on  the 
period  delineated  in  each  Map,  a  carefully  selected  Bibliography 
of  the  English  Books  and  Magazine  Articles  bearing  on  that 
Period.     By  R.  H.  Labberton,  LittHum.D.    4to.     I2j.  6^. 

Lethbridge. — a  SHORT  manual  of  the  history  of 

INDIA.  With  an  Account  of  India  as  it  is.  The  Soil, 
Climate,  and  Productions  ;  the  People,  their  Races,  Religions, 
Public  Works,  and  Industries ;  the  Civil  Services,  and  System  of 
Administration.  By  Sir  Roper  Lethbridge,  M.A.,  CLE.,  late 
Scholar  of  Exeter  College,  Oxford,  formerly  Principal  of  Kishnaghur 
College,  Bengal,  Fellow  and  sometime  Examiner  of  the  Calcutta 
University.     With  Maps.     Crown  8vo.     5j. 

Michelet. — ^A  summary  of  modern  history.  Trans- 
lated from  the  French  of  M.  Michelet,  and  continued  to  the 
Present  Time,  by  M.  C.  M.  Simpson.    Globe  8vo.    4J.  6^. 

Ott^.— SCANDINAVIAN  HISTORY.  By  E.  C.  Ott£.  With 
Maps.    Globe  8vo.    dr. 

Ramsay.— A  school  history  of  ROME.     By  G.  G. 

Ramsay,    M.A.,    Professor  of  Humanity   in   the   University  of 
Glasgow.     With  Maps.     Crown  8vo.  \In  preparation, 

Tait.— ANALYSIS  OF  ENGLISH  HISTORY,  based  on  Green's 
"Short  History  of  the  English  People."  By  C.  W.  A.  Tait, 
M.A.,  Assistant-Master,  Clifton  College.     Crown  8vo.     y,  6d, 

Wheeler.— A  SHORT  HISTORY  OF  INDIA  AND  OF  THE 
FRONTIER  STATES  OF  AFGHANISTAN,  NEPAUL, 
AND  BURMA.  By  J.  Talboys  Wheeler.  With  Maps. 
Crown  8vo.     12s, 

Yonge  (Charlotte  M.).  —  CAMEOS  FROM  ENGLISH 
HISTORY.— FROM  ROLLO  TO  EDWARD  II.  By  the 
Author  of  **The  Heir  of  Redclyffe,"  Extra  fcap.  8vo.  New 
Edition.  5j. 
A  SECOND  SERIES  OF  CAMEOS  FROM  ENGLISH 
HISTORY.  —  THE  WARS  IN  FRANCE.  New  Edition. 
Extra  fcap.  Svo.  $s. 
A  THIRD  SERIES  OF  CAMEOS  FROM  ENGLISH  HISTORY. 
—THE  WARS  OF  THE  ROSES.     New  Edition.     Extra  fcap. 

8vo.     Sj. 
CAMEOS  FROM  ENGLISH  HISTORY— A FOURTPI  SERIES. 
REFORMATION  TIMES.     Extra  fcap.  Svo.     5j. 
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Yonge   (Chanotte   M.)-— Works  by  (r<?«/**/i««/)— 
CAMEOS  FROM  ENGLISH  HISTORY.— A  FIFTH  SERIES. 

ENGLAND  AND  SPAIN.  Extra  fcap.  8vo.  5^. 
EUROPEAN  HISTORY.  Narrated  in  a  Series  of  Historical 
Selections  from  the  Best  Authorities.  Edited  and  arranged  by 
E.  M.  Sewell  and  C.  M.  Yonge.  First  Series,  1003 — 1154, 
New  Edition.  Crown  8vo.  6s.  Second  Series,  1088 — 1228. 
New  Edition.     Crown  8vo.     dr. 


MODERN    LANGUAGES   AND 

LITERATURE. 

(I)  English,  (2)  French,  (3)  German,  (4)  Modem 
Greek,  (5)  Italian. 

ENGLISH. 

Abbott.— A  SHAKESPEARIAN  GRAMMAR.  An  attempt  to 
illostrate  some  of  the  Differences  between  Elizabethan  and  Modem 
English.  By  the  Rev.  E.  A.  Abbott,  D.D.,  Head  Master  of  the 
City  of  London  School.     New  Edition.     Extra  fcap.  8vo.    dr. 

Brooke. — ^primer  of  English  literature.   By  the 

Rev.   Stopford  A,   Brooke,   M.A.      i8mo.      u,     (Literature 
Primers.) 

Butler. — HUDIBRAS.  Edited,  with  Irtroduction"  and  Notes,  by 
Alfred  Milnes,  M.A.  Lon.,  late  Student  of  Lincoln  College, 
Oxford.  Extra  fcap  8vo.  Part  I.  3j.  6d.  Parts  II.  and  III. 
4r.  6d. 

Cowper's  TASK:  AN  EPISTLE  TO  JOSEPH  HILL,  ESQ.; 
TIROCINIUM,  or  a  Review  of  the  Schools ;  and  THE  HIS- 
TORY OF  JOHN  GILPIN.  Edited,  with  Notes,  by  William 
Benham,  B.D.  Globe  8vo.  is,  {Globe  Readings  from  Standard 
Authors,) 

Dowden. — Shakespeare.  By  Professor  Dowden.  i8mo, 
is,     {Literature  Pnmers,) 

Dryden. — select  prose  works.  Edited,  with  Introduction 
and  Notes,  by  Professor  C.  D.  Yonge.    Fcap.  8vo.    2j.  td, 

Gladstone. — spelling  reform  from  an  educa- 
tional POINT  OF  VIEW.  By  T.  H.  Gladstone,  Ph.D., 
F.R.S.,  Member  of  the  School  Board  for  London.  New  Edition. 
Crown  Svo*     i/.  61/. 
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Globe  Readers.  For  Standards  L— VL  Edited  by  A.  F. 
MURISON.  Sometime  English  Master  at  the  Aberdeen  Grammar 
School.    With  Illustrations.     Globe  8vo. 


Primer  I.    ^48  pp.)  3^. 

Primer  II.   (48  pp.)  yi. 

Book      I.  (96  pp.J  6d, 

Book    II.  (136  pp.)  9</. 


Book  III.  (232  pp.)  IJ.  3</. 
Book  IV.  (328  pp.)  I  J.  9</. 
Book    V.  (416  pp.)  2j. 
Book  VI.  (448  pp.)  2f.  6^. 


(( 


Among  the  numerous  sets  of  readers  before  the  public  the  present  series  is 
honourably^  distinguished  by  the  marked  superiority  of  its  materials  and  the 
careful  ability  with  which  diey  have  been  adapted  to  the  growing  capadty  of  the 
pupils.  The  plan  of  the  two  primers  is  excellent  for  facilitating  the  child's  first 
attempts  to  read.  In  the  first  three  following  books  there  b  abundance  of  enter- 
taining reading.  ....  Better  food  for  young  minds  could  hardly  be  found."— 
Thb  Athbnaum. 

•The  Shorter  Globe  Readers. — with  illustrations.  Globe 

8yo. 


Primer       I.  (48  PP.)  3^. 

Primer     II.  (48  pp.)  Zd. 

Standard    I.  (92  pp.)  6^. 

Standard  II.  (124  pp.)  9^^. 


Standard  III.  (178  PP.)  i'* 
Standard  IV.  (182  pp.)  u. 
Standard   V.  (216  pp.)  IJ*  3^. 
Standard  VI.  (228  PP.)  i'.  ^* 


*  This  Series  has  been  abridged  from  "The  Globe  Readers"  to  meet  the  demand 
for  smaller  reading  books. 

GLOBE  READINGS  FROM  STANDARD  AUTHORS. 

Cowper'STASK:  AN  EPISTLE  TO  JOSEPH  HILL,  ESQ.; 
TIROCINIUM,  or  a  Review  of  the  Schools ;  and  THE  HIS- 
TORY OF  JOHN  GILPIN.  Edited,  with  Notes,  by  William 
Benham,  B.D.    Globe  8vo.     ix. 

Goldsmith's  VICAR  of  WAKEFIELD.  With  a  Memoir  of 
Goldsmith  by  Professor  Masson.    Globe  8vo.     \s. 

Lamb's    (Charles)    tales    from    Shakespeare. 

Edited,    with    Preface,    by    Alfred    Ainger,    M.A.      Globe 
8vo.     2J. 

Scott's  (Sir  Walter)  lay  of  the  last  minstrel; 

and  THE  LADY  OF  THE  LAKE.     Edited,  with  Introductions 
and  Notes,  by  Francis  Turner  Palgrave.    Globe  8vo.     w. 
MARMION  ;  and  the  LORD  OF  THE  ISLES.     By  the  same 
Editor.     Globe  8vo.     is. 

The  Children's   Garland  from  the  Best  Poets.— 

Selected  and  arranged  by  Coventry  Patmore.    Globe  8vo.     2x. 

Yonge  (Charlotte  M.).— a  BOOK  OF  GOLDEN  DEEDS 
OF  ALL  TIMES  AND  ALL  COUNTRIES.  Gathered  and 
narrated  anew  by  Charlotte  M.  Yonge,  the  Author  of  **  The 
Heir  of  RedclyfTe."    Globe  8vo.     2s, 
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Goldsmith. — the  traveller,  or  a  Prospect  of  Society ; 

and  THE  DESERTED  VILLAGE.     By  Oliver  Goldsmith. 

With  Notes,  Philological  and  Explanatory,  by  J.  W.  Hales,  M.A. 

Crown  8vo.     6d, 
THE  VICAR  OF  WAKEFIELD.     With  a  Memoir  of  Goldsmith 

by  Professor  Masson.    Globe  8vo.     is,    {Globe  Readings  from 

Standard  Authors,) 
SELECT  ESSAYS.     Edited,   with  Introduction  and  Notes,   by 

Professor  C.  D.  Yonge.     Fcap.  8vo.    2J.  td. 

Hales. — LONGER  ENGLISH  POEMS,  with  Notes,  Philological 
and  Explanatory,  and  an  Introduction  on  the  Teaching  of  English, 
Chiefly  for  Use  in  Schools.  Edited  by  J.  W.  Hales,  M.A., 
Professor  of  English  Literature  at  King's  College,  London.  New 
Edition.     Extra  fcap.  8vo.    41.  6^. 

Johnson's  lives  of  the  poets.  The  Six  Chief  LiveS 
(Milton,  Dryden,  Swift,  Addison,  Pope,  Gray),  with  Macaulajr's 
"life  of  Johnson."  Edited  with  Preface  and  Notes  by  Matthew 
Arnold.    New  and  cheaper  edition.     Crown  Svo.    4r.  td. 

Lamb  (Charles).— tales  from  Shakespeare.  Edited, 

with    Preface,    by   Alfred    Ainger,   M.A.     Globe  8vo.     %s, 
{Globe  Readings  from  Standard  Authors,) 

Literature    Primers — Edited  by  John  Richard  Grebn» 

M.  A.,  LL.D.,  Author  of  "  A  Short  History  of  the  English  People.** 

ENGLISH  COMPOSITION.     By  Professor  Nichol.    i8mo.     if. 

ENGLISH  GRAMMAR.  By  the  Rev.  R.  Morris,  LL.D.,  some- 
time President  of  the  Philological  Society.     i8mo.     is, 

ENGLISH  GRAMMAR  EXERCISES.  By  R.  Morris,  LL.D., 
and  H.  C.  Bowen,  M.A.     i8mo.     u. 

EXERCISES  ON  MORRIS'S  PRIMER  OF  ENGLISH 
GRAMMAR.  By  John  Wetherell,  of  the  Middle  School, 
Liverpool  {College.     i8mo.     u. 

ENGLISH  LITERATURE.  By  Stopford  Brooke,  M.A.  New 
Edition.     i8mo.     is. 

SHAKSPERE.    By  Professor  Dowden.     i8mo.     is, 

THE  CHILDREN'S  TREASURY  OF  LYRICAL  POETRY. 
Selected  and  arranged  with  Notes  by  Francis  Turner  Pal- 
grave.     In  Two  Parts.     i8mo.     ts,  each. 

PHILOLOGY.    By  J.  Peile,  M.A.     i8mo.     is, 

Macmillan'S  Reading  Books. — Adapted  to  the  English  and 
Scotch  Codes.     Bound  in  Cloth. 
PRIMER.     i8mo,     (48  pp.)    2d, 

BOOK       I.  for  Standard      I.     i8mo.  (96  pp.)  4</, 

„        IL          „             IL     i8mo.  (144  PP-)  5^- 

„      III,          „           HI.     i8mo,  (160  pp.)  dd, 

„      IV.          „            IV.     i8mo.  (176  pp.)  &/. 
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Macmillan's  Reading- Books  {conHnued)— 

BOOK      V.   for  Standard  V.     i8mo.     (380  pp.)     is, 

„     VI.  „  VI.    Crown  8vo.     (430  pp.)    2s. 

Book  VI.  is  fitted  for  higher  Classes,  and  as  an  Introduction  to 
English  Literature. 

'*  Thcr  are  far  abortf  any  others  Aat  have  appeared  both  in  form  and  substance. 
.  .  .  The  editor  of  the  present  series  has  rightly  seen  that  reading  books  must 
aim  chiefly  at  giving  to  the  pupils  the  power  of  accurate,  and,  if  pos^ble,  apt 
and  skilful  expression;  at  cultivating  in  them  a  good  litersury  taste,  and  at  arous< 
ing  a  desire  of  further  reading.'  This  is  done  by  taking  care  to  select  the  extracts 
from  true  £nglish  classics,  going  up  in  Standard  VI.  course  to  Chaucer,  Hooker,  and 
Bacon,  as  well  as  Wordsworth,  Macaulay,  and  Froude,  .  .  .  This  is  quite  on  the 
right  track,  and  indicates  justly  the  ideal  which  we  ought  to  set  before  us."— > 

GUASDIAN. 

Macmillan's  Copy-Books — 

Published  in  two  sizes,  viz. : — 

1.  Large  Post  4to.     Price  4^/.  each. 

2.  Post  Oblong.     Price  2d,  each. 

1.  INITIATORY  EXERCISES  AND  SHORT  LETTERS, 

2,  WORDS  CONSISTING  OF  SHORT  LETTERS. 

♦3.  LONG  LETTERS.  With  words  containing  Long  Letters- 
Figures. 

*4.  WORDS  CONTAINING  LONG  LETTERS. 
4a.  PRACTISING  [AND  REVISING  COPY-BOOK.     For  Nos. 

•5.  CAPITALS  AND  SHORT  HALF-TEXT.    Words  begmning 

with  a  Capital. 

*6.  HALF-TEXT  WORDS  beginning  with  Capitals—Figures. 

*7.  SMALL-HAND    AND    HALF-TEXT.      With  Capitals  and 

Figures. 

•8.  SMALL-HAND    AND    HALF-TEXT.      With  Capitals  and 

Figures. 

8a.  PRACTISING  AND  REVISING  COPY-BOOK.     For  Nos. 

5  to  8. 

*9.  SMALL-HAND  SINGLE  HEADLINES— Figures. 

10.  SMALL-HAND  SINGLE  HEADLINES— Figures. 

11.  SMALL-HAND  DOUBLE  HEADLINES— Figures. 

12.  COMMERCIAL  AND  ARITHMETICAL  EXAMPLES,  &c. 
I2a.  PRACTISING  AND  REVISING  COPY-BOOK.  For  Nos. 
8  to  12. 

*  TTiese  numbers  may  be  had  with  GoodmarCs  Patent  Sliding 
Copies,     Large  Post  4to.     Price  (>d,  each. 

Martin. — THE  POETS  HOUR  :  Poetry  selected  and  arranged 
for  Children.  By  Frances  Martin.  New  Edition.  i8mo. 
2s,  6d, 

SPRING-TIME    WITH    THE    POETS:    Poetry   selected   by 
Frances  Martin.    New  Edition.     i8mo.    3^  6a. 
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Milton. — By  Stopford  Brooke,  M.A.  Fcap.  8vo.  is.  6d, 
{Classical  fVriters  Series.) 

Morris. — Works  by  the  Rev.  R.  Morris,  LL.D. 
HISTORICAL    OUTLINES    OF    ENGLISH    ACCIDENCE, 

comprising  Chapters  on  the  History  and    Development  of  the 

Language,  and  on  Word -formation.    .New  Edition.      Extra  fcap. 

3vo.     dr. 
ELEMENTARY    LESSONS    IN    HISTORICAL    ENGLISH 

GRAMMAR,  containing  Accidence  and  Word-formation.     New 

Edition.     i8mo.     2s.  6d. 
PRIMER  OF   ENGLISH  GRAMMAR.     i8mo.     is.     (See  dso 

Literature  Primers.) 

Oliphant.— THE  OLD  and  middle  ENGLISH.  A  New 
Edition  of  "THE  SOURCES  OF  STANDARD  ENGLISH," 
revised  and  greatly  enlarged.  By  T.  L.  Kington  Oliphant. 
Extra  fcap.  Svo.     Qj. 

THE  NEW  ENGLISH.    By  the  same  Author.  2  vols.  Crown  Svo. 

[/«  the  press, 

Palgrave.— THE  children's  treasury  of  lyrical 

POETRY.  Selected  and  arranged,  with  Notes,  by  Francis 
Turner  Palgrave.  i8mo.  2s.  6d.  Also  in  Two  Parts. 
iSmo.     is.  each. 

Patmore.-— THE  children's  garland   from  the 

BEST  POETS.  Selected  and  arranged  by  Coventry  Patmore. 
Globe  Svo.     2J.     {Globe  Readings  from  Standard  Authors.) 

Plutarch. — Being  a  Selection  from  the  Lives  which  Illustrate 
Shakespeare.  North's  Translation.  Edited,  with  Introductions, 
Notes,  Index  of  Names,  and  Glossarial  Index,  by  the  Rev.  W. 
W.  Skeat,  M.A,     Crown  Svo,     dr. 

Scott's  (Sir  Walter)  lay  of  the  last  minstrel, 

and  THE  LADY  OF  THE  LAKE.   Edited,  with  Introduction 
and  Notes,  by  Francis  Turner  Palgrave.    Globe  Svo.     u. 
{Globe  Readings  from  Standard  Authors.) 

MARMION  ;  and  THE  LORD  OF  THE  ISLES,  By  the  same 
Editor.   Globe  Svo.   is.   {Globe  Readings  from  Standard  Authors  ) 

Shakespeare.— A  shakesperian  grammar.    By  Rev. 

E  A.  Abbott,  D.D.,  Head  Master  of  the  City  of  London  School. 
Globe  Svo.     dr. 

A  SHAKESPEARE  MANUAL.  By  F.  G.  Fleay,  M.A.,  late 
Head  Master  of  Skipton  Grammar  School,  Second  Edition. 
Extra  fcap.  Svo,     4T.  6d. 

PRIMER  OF  SHAKESPEARE.  By  Professor  Dowdbn.  l8mo» 
I/.    {Uttraittri  Ptimirt,) 
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Sonnenschein    and    Meiklejohn.  —  the   English 

METHOD  OF  TEACHING  TO  READ.     By  A.  Sonnen- 
schein and  J.  M.  D.  Meiklejohn,  M.A.    Fcap.  8vo. 

COMPRISING  : 

THE  NURSERY  BOOK,  containing  aU  the  Two-Letter  Words 
in  the  Language,  id,  (Also  in  Large  Type  on  Sheets  for 
School  Walls.     Sj.) 

THE  FIRST  COURSE,  consisting  of  Short  Vowels  with  Single 
Consonants.    6d, 

THE  SECOND  COURSE,  with  Combinations  and  Bridges, 
consisting  of  Short  Vowels  with  Double  Consonants.    6d» 

THE  THIRD  AND  FOURTH  COURSES,  conslstmg  of  Long 
Vowels,  and  all  the  Doable  Vowds  in  the  Langiiage.     6d, 

"  These  are  admirable  books,  becanse  tfaey  are  constructed  on  a  principle  and 
that  the  simplest  principle  cm  which  it  is  possible  to  learn  to  read  English."— 
Spbctatos. 

Taylor.— WORDS  AND  PLACES ;  or,  Etymological  Illustra- 
tions of  History,  Ethnology,  and  Geography.  By  the  Rev. 
Isaac  Taylor,  M.A.  Third  and  Cheaper  Edition,  revised  and 
compressed.     With  Maps.     Globe  8vo.     dr. 

Tennyson. — ^The  collected  works  of  Alfred,  lord 

TENNYSON,  Poet  Laureate.     An  Edition  for  Schools.     In  Four 
Parts.  Crown  8vo.  2J.  6d,  each. 

Thring.— THE  ELEMENTS  OF  GRAMMAR  TAUGHT  IN 
ENGLISH.  By  Edward  Thring,  M.A.,  Head  Master  of 
Uppingham.   With  Questions.    Fourth  Edition.    i8mo.   2s. 

Trench. — Works  by  Richard  Chenevix  Trench,  D.D. 

HOUSEHOLD  BOOK  OF  ENGLISH  POETRY,  Selected  and 
Arranged,  with  Notes.     Third  Edition.    Extra  fcap.  8vo.    5^.  6d, 

ON  THE  STUDY  OF  WORDS.  Eighteenth  Edition,  revised. 
Fcap.  8vo.     5j. 

ENGLISH,  PAST  AND  PRESENT.  Eleventh  Edition,  revised 
and  improved.     Fcap,  8vo.     $s, 

A  SELECT  GLOSSARY  OF  ENGLISH  WORDS,  used  formerly 
in  Senses  Different  from  their  Present.  Fifth  Edition,  revised 
and  enlarged.     Fcap.  8vo.     5;. 

Vaughan  (CM.).— WORDS  FROM  THE  POETS.  By 
C.  M.  Vauohan.    New  Edition.     i8mo,  doth.     ix. 
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Ward.— THE  ENGLISH  POETS.  Selections,  with  Critical 
Introductions  by  various  Writers  and  a  General  Introduction  by 
Matthew  Arnold.  Edited  by  T.  H,  Ward,  M.A.  4  Vols. 
Vol.  I.  CHAUCER  TO  DONNE.— Vol.  II.  BEN  JONSON 
TO  DRYDEN.— Vol.  Ill,  ADDISON  to  BLAKE.--V0I.  IV. 
WORDSWORTH  to  ROSSETTI.    Crown  8vo.    Each  *js.  6d. 

^Vetherell.— EXERCISES  ON  MORRIS'S  PRIMER  OF 
ENGLISH  GRAMMAR.  By  John  Wetherell,  M.A. 
i8mo.     is,     (Literature  Primers,) 

Yonge  (Charlotte  M.).— the   abridged   book   of 

GOLDEN  DEEDS.  A  Reading  Book  for  Schools  and  general 
readers.  By  the  Author  of  "  The  Heir  of  Redclyffe."  iSroo, 
doth.     IS, 

GLOBE  READINGS  EDITION.     Complete  Edition.      Globe 
Svo.    2s,    (See  p.  54.) 


FRENCH, 

Beaumarchais.— LE  barbier  de   Seville.     Edited, 

with  Introduction  and  Notes,  by  L.  P.  Blouet,  Assistant  Master 
in  St.  Paul's  School.     Fcap.  Svo.    31.  6d, 

Bowen.— FIRST  LESSONS  IN  FRENCH.  By  H.  CoUR- 
THOPE  BowEN,  M.A.,  Principal  of  the  Finsbury  Training  College 
for  Higher  and  Middle  Schools.     Extra  fcap.  Svo.     is, 

Breymann. — Works  by  Hermann  Breymann,  Ph.D.,  Pro- 
fessor  of  Philology  in  the  University  of  Munich. 

A  FRENCH  GRAMMAR  BASED  ON  PHILOLOGICAL 
PRINCIPLES.     Second  Edition.    Extra  fcap.  Svo.     4f.  6d, 

FIRST  FRENCH  EXERCISE  BOOK.    Extra  fcap.  Svo.   4J.  6d 

SECOND  FRENCH  EXERCISE  BOOK.  Extra  fcap.  Svo.  2s,  6d, 

Pasnacht. — ^Works  by  G.  EuGfeNE  Fasnacht,  Author  of  "  Mac- 
millan's  Progressive  French  Course,"  Editor  of  **Macmillan*s 
Foreign  School  Classics,"  &c. 

THE  ORGANIC  METHOD  OF  STUDYING  LANGUAGES. 
Extra  fcap.  Svo.     I.  French.     3J.  6d, 

A  SYNTHETIC  FRENCH  GRAMMAR  FOR  SCHOOLS. 
Crown  Svo.     y,  6d, 

GRAMMAR  AND  GLOSSARY  OF  THE  FRENCH  LAN- 
GUAGE OF  THE  SEVENTEENTH  CENTURY.  Crown 
gyo.  [In  preparaticH, 
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Macmillan's    Primary    Series     of    French     and 
German    Reading   Books. — Edited   by  G.  Eugene 

Fasnacht,  Assistant-Master  in  Westminster  School.  With 
Illustrations.     Globe  8vo.  • 

DE  MAISTRE— LA  JEUNE  SIB^RIENNE  ET  LE  L^PREUX 

DE  LA  CITE  D'AOSTE.  Edited,  with  Introduction,  Notes, 
and  Vocabulary.  By  Stephane  Barlet,  B.  Sc.  Univ.  Gall,  and 
London ;  Assistant-Master  at  the  Mercers'  School,  Examiner  to 
the  College  of  Preceptors,  the  Royal  Naval  College,  &c.     19.  6d, 

GRIMM— KINDER  UND  HAUSMARCHEN.  Selected  and 
Edited,  with  Notes,  and  Vocabulary,  by  G.  E.  Fasnacht.     2j. 

HAUFF.— DIE  KARAVANE.  Edited,  with  Notes  and  Vocabu- 
lary, by  Herman  Hager,  Ph.D.  Lecturer  in  the  Owens  College, 
Manchester.     2s.  6d, 

LA  FONTAINE— A  SELECTION  OF  FABLES.  Edited,  with 
Introduction,  Notes,  and  Vocabulary,  byL.  M.  Moriarty,  B.A., 
Professor  of  French  in  King's  College,  London.     2j. 

PERRAULT— CONTES  DE  F6ES.  Edited,  with  Introduction, 
Notes,  and  Vocabulary,  by  G.  E.  Fasnacht.     is, 

G.  SCHWAB— ODYSSEUS.  With  Introduction,  Notes,  and 
Vocabulary,  by  the  same  Editor.  \In  preparation. 

Macmillan's   Progressive   French   Course. — By  G. 

Eugene  Fasnacht,  Assistant-Master  in  Westminster  School. 
I. — First  Year,    containing    Easy  Lessons     on    the    Regular 

Accidence.     Extra  fcap.  Svo.     is, 
II. — Second  Year,   containing  an  Elementary  Grammar  with 

copious  Exercises,  Notes,  and  Vocabularies.     A  new  Edition, 

enlarged  and  thoroughly  revised.     Extra  fcap.  Svo.     2s. 
III. — ^Third  Year,  containing  a  Systematic  Syntax,  and  Lessons 

in  Composition.  Extra  fcap.  Svo.  2s,  6d, 
THE  TEACHER'S  COMPANION  TO  MACMILLAN'S 
PROGRESSIVE  FRENCH  COURSE.  With  Copious  Notes, 
Hints  for  Different  Renderings,  Synonjrms,  Philological  Remarks, 
&c.  By  G.  E.  Fasnacht.  Globe  Svo.  Second  Year  4r.  6d. 
Third  Year  4J.  6d. 

Macmillan's    Progressive    French     Readers.    By 

G.  EuGfeNE  Fasnacht. 
I. — First  Year,  containing  Fables,  Historical  Extracts,  Letters, 

Dialogues,    Fables,    Ballads,    Nursery    Songs,   &c.,    with    Two 

Vocabularies:   (i)  in  the  order  of  subjects;   (2)  in  alphabetical 

order.    Extra  fcap.  Svo.     2s,  6d, 
II. — Second    Year,    containing   Fiction   in  Prose   and  Verse, 

Historical  and   Descriptive  Extracts,  Essays,  Letters,  Dialogues, 

&c.    Extra  fcap.  Svo.    2s,  6d, 
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Macmillan's  Foreign  School  Classics.    Edited  by  G. 

Eugene  Fasnacht,     iSmo. 

FRENCH. 

CORNEILLE— LE  CID.    Edited  by  G.  E.  Fasnacht.    is. 

DUMAS— LES  DEMOISELLES  DE  ST.  CYR.  Edited  by 
Victor  Oger,  Lecturer  in  University  College,  Liverpool. 

[/«  the  press, 

LA  FONTAINE'S  FABLES.  Books  I.— VI.  Edited  by  L.  M. 
MoRiARTY,  B.  A.,  Professor  of  French  in  King's  College,  London. 

\In  preparation, 

MOLliiRE— L'AVARE.      By  the  same  Editor.     \s. 

M0LI£:RE— LE  BOURGEOIS  GENTILHOMME.  By  the  same 
Editor.     \s,  6d, 

MOLlilRE— LES  FEMMES  SAVANTES.  By  G.  E.  Fasnacht. 
ij. 

M0LI£:RE— LE  MISANTHROPE.     By  the  same  Editor,     is, 

MOLIERE— LE  M^DECIN  MALGRE  LUI.  By  the  same 
Editor,     is, 

RACINE— BRITANNICUS.  Edited  by  Eugene  Pellissier, 
Assistant- Master  in  Clifton  College,  and  Lecturer  in  University 
College,  Bristol.  [In  preparation, 

SCENES  FROM  ROMAN  HISTORY  IN  FRENCH.  Selected 
from  Various  Sources  and  Edited  by  C.  Colbeck,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge;  Assistant- Master  at 
Harrow,  [In  the  press. 

SAND,  GEORGE— LA  MARE  AU  DIABLE.  Edited  by  W.  E. 
Russell,  M.A.,  Assistant  Master  in  Haileybury  CoUege.     is, 

SANDEAU,  JULES— MADEMOISELLE  DE  LA  SEIGLIERE. 
Edited  by  H.  C.  STEEL,  Assistant  Master  in  Winchester  College. 
is,  6d. 

THIERS'S  HISTORY  OF  THE  EGYPTIAN  EXPEDITION. 
Edited  by  Rev.  H.  A,  Bull,  M.A.  Assistant-Master  in 
Wellington  College.  [Jn  preparation. 

VOLTAIRE— CHARLES  XII.  Edited  by  G.  E.  Fasnacht.  z^-^- 

*#*  Other  volumes  to  follow, 

(See   also    German  Auchvrs,    page  63.) 
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Masson  (Gustave).— a  compendious  dictionary 

OF  THE  FRENCH  LANGUAGE  (French-English  and  EngUsh- 
French).  Adapted  from  the  Dictionaries  of  Professor  Alfred 
Elwall.  Followed  by  a  List  of  the  Principal  Diverging 
Derivations,  and  preceded  by  Chronological  and  Historical  Tables. 
By  Gustave  Masson,  Assistant  Master  and  Librarian,  Harrow 
School.     New  Edition.     Crown  8vo.     6s. 

Moliere. — LE  MALADE  IMAGINAIRE.  Edited,  with  Intro- 
duction and  Notes,  by  Francis  Tarver,  M.A.,  Assistant  Master 
at  Eton.     Fcap.  8vo.     ^.  6d, 

(See  also  MacnUllan^s  Foreign  School  Classics,) 

PelliSsier.— FRENCH  roots  and  their  FAMILIES.  A 
Synthetic  Vocabulary,  based  upon  Derivations,  for  Schools  and 
Candidates  for  Public  Examinations.  By  Eugene  Pellissier, 
M.  A.,  B.Sc,  LL.B.,  Assistant  Master  at  Clifton  Collie,  Lecturer 
at  University  College,    Bristol.     Globe  8vo.     6s, 


GERMAN, 

HUSS.— A  SYSTEM  OF  ORAL  INSTRUCTION  IN  GERMAN, 
by  means  of  Progressive  Illustrations  and  Applications  of  the 
leading  Rules  of  Grammar.  By  Hermann  C.  O.  Hubs,  Ph.D. 
Crown  8vo.     5^. 

Macmillan's  Progressive  German  Course.     By  G 

EUGtNE  FaSNACHT. 

Part  I. — First  Year.  Easy  Lessons  and  Rules  on  the  Regular 
Accidence.     Extra  fcap.  8vo.     is.  6d. 

Part  II. — Second  Year.  Conversational  Lessons  in  Systematic 
Accidence  and  Elementary  Syntax.  With  Philological  Illustrations 
and  Etymological  Vocabulary.     Extra  fcap.  8vo.     2s. 

Part  III. — Third  Year.  \In  preparcUiotu 

Macmillan's   Progressive    German    Readers.    By 

G.  E.  Fasnacht. 
I. — First  Year,  containing  an  Introduction  tg  the  German  onier 
of  Words,  with  Copious  Examples,  extracts  from  German  Authors 
in  Prose  and  Poetry  ;  Notes,  and  Vocabularies.    Extra  Fcap.  8vo., 
2J.  6d, 

Macmillan's   Primary   German    Reading    Books. 

(See  page  6o.) 
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Macmillan's   Foreign    School   Classics.    Edited  by 

G.  EuG&NE  Fasnacht,  i8mo. 

GERMAN. 

GOETHE— GOTZ  VON  BERLICHINGEN.  Edited  by  H.  A. 
Bull,  M.  A.,  Assistant  Master  at  Wellington  College.     2s, 

GOETHE— FAUST.  Part  I.  Edited  by  Jane  Lee,  Lecturer 
in  Modem  Languages  at  Newnham  College,  Cambridge. 

[/» the  press, 

HEINE— SELECTIONS  FROM  THE  REISEBILDER  AND 
OTHER  PROSE  WORKS.  Edited  by  C.  Colbeck,  M.A., 
Assistant-Master  at  Harrow,  late  Fellow  of  Trinity  College, 
Cambridge.     2s,  6d, 

SCHILLER— MINOR  POEMS..  Selected  and  Edited  by  E.  J. 
Turner,  B.A.,  and  E.  D.  A,  Morshead,  M.A.  Assistant- 
Masters  in  Winchester  College.  [/n  the  press. 

SCHILLER— DIE  JUNGFRAU  VON  ORLEANS.  Edited  by 
Joseph  Gostwick.    2j.  6d, 

SCHILLER— MARIA  STUART.  Edited  by  C.  Sheldon,  M.A., 
D.Lit.,  of  the  Royal  Academical  Institution,  Belfast.    2s,  6d, 

SCHILLER— WILHELM  TELL.      Edited  by  G.  E.  Fasnacht. 

[In  preparation, 

UHLAND— SELECT  BALLADS.  Adapted  as  a  First  Easy  Read- 
ing Book  for  Beginners.     Edited  by  G.  E.  Fasnacht.     ij. 

*#*  Other  Volumes  to  follow, 

(See  also  French  Authors^  page  61.) 

Pylodet.— NEW  GUIDE  TO  GERMAN  CONVERSATION 
containing  an  Alphabetical  List  of  nearly  800  Familiar  Words; 
followed  by  Exercises ;  Vocabulary  of  Words  in  frequent  use ; 
Familiar  Phrases  and  Dialogues ;  a  Sketch  of  German  Literature, 
Idiomatic  Expressions,  &c.  By  L.  Pylodet.  i8mo,  cloth  limp. 
2s.  6d, 

Whitney. — ^Works  by  W.  D.  Whitney,  Professor  of  Sanskrit 
and  Instructor  in  Modem  Languages  in  Yale  College. 

A  COMPENDIOUS  GERMAN  GRAMMAR.  Crown  8vo.  4s.  M. 

A  GERMAN  READER  IN  PROSE  AND  VERSE.  With  Notes 
and  Vocabulary.    Crown  8vo.     Sj. 

Whitney  and  Edgren.— a  compendious  German 

AND  ENGLISH  DICTIONARY,  with  Notation  of  Correspon- 
dences and  Brief  Etymologies.  By  Professor  W.  D.  Whitney, 
assisted  by  A.  H.  Edgren.    Croiim  8vo.    Js,  6d, 

THE  GERMAN-ENGLISH  PART,  separately,  5^, 
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MODERN  GREEK. 

Vincent  and  Dickson.  —  HANDBOOK   TO    MODERN  ' 
GREEK.       By   Edgar  Vincent  and  T.  G.  Dickson,  M.A.  \ 
Second  Edition,   revised  and  enlarged,   with  Appendix  on  the 
relation   of   Modern  and    Cla^ical   Greek    by  Professor  Jebb. 
Crown  8vo.    6f. 

ITALIAN. 

Dante.  —  the    purgatory    of   DANTE,      Edited,   with 
Translation  and  Notes,  by  A.  J.  Butler,  M.A.,  late  Fellow  of 
Trinity  College,  Cambridge.    Crown  8vo.     12s,  6d, 
THE  PARADISO  OF  DANTE.     Edited,  with  Translation  and 
Notes,  by  the  same  Author.     Crown  8vo.     I2J.  6d» 


DOMESTIC  ECONOMY. 

Barker. -FIRST  lessons    in  the   1>rinciples    of 

COOKING.     By  Lady  Barker.     New  Edition.      i8mo.     is, 

BernerS.— FIRST  LESSONS  ON  health.     By  J.  Berners. 
New  Edition.     i8mo,     u. 

Fawcett.— TALES  in  political  economy      By  Milli- 
CENT  Garrett  Fawcett.    Globe  8vo.    y, 

Frederick.— HINTS  to  housewives   on    several 

POINTS,  PARTICULARLY  ON  THE  PREPARATION  OF 
economical  AND  TASTEFUL  DISHES.  By  Mrs. 
Frederick.     Crown  8vo.     u. 

"This  unpretending  and  useful  little  volume  distinctly  supplies  a  desideratum 
....  The  author  steadily  keeps  in  view  the  simple  aim  of  '  making  everjr-da/ 
meals  at  home,  particularly  the  dinner,  attractive/  without  adding  to  ue  ordinary 
household  expenses.** — Saturday  Review. 

Grand'homme. —  cutting-out  and  dressmaking. 

From  the  French  of  Mdlle.  E.  Grand*  HOMME.  With  Diagrams, 
i8mo.     is, 

Jex-Blake.—THE  CARE  OF  INFANTS.  A  Manual  for 
Mothers  and  Nurses.  By  Sophia  Jex-Blake,  M.D.,  Member 
of  the  Irish  College  of  Physicians  ;  Lecturer  on  Hygiene  at 
the  London  School  of  Medicine  for  Women      i8mo;     is, 

Tegetmeier. — h  ousehold    management      and 

COOKERY.  With  an  Appendix  of  Recipes  used  by  the 
Teachers  of  the  National  School  of  Cookery.  By  W.  B. 
Tegetmeier.  Compiled  at  the  request  of  the  School  Board  for 
London.     iSmo.     is. 
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Thornton.— FIRST  LESSONS  IN  BOOK-KEEPING.  By 
J.  Thornton,    New  Edition.     Crown  8vo.     2j.  6^. 

The  object  of  this  volume  is  to  make  the  theory  of   Book-keeping   sufficiently 
plain  for  even  children  to  understand  it. 

Wright.— THE  SCHOOL  COOKERY-BOOK.  Compiled  and 
Edited  by  C.  E.  Guthrie  Wright,  Hon  Sec.  to  the  Edinburgh 
School  €^  Cookery.     iSmo.     u. 


ART  AND  KIJJX>RED  SUBJECTS- 

Anderson. — linear    perspective,     and     model 

DRAWING.  A  School  and  Art  Class  Manual,  with  Questions 
and  Exercises  for  Examination,  and  Examples  of  Examination 
Papers.  By  Laurence  Anderson.  With  Illustrations.  Royal 
8vo.     2f, 

Collier. — a  primer  of  art.     With  lUustrations.     By  John 
Collier.     i8mo.     is. 

Delamotte — ^a   beginner's    drawing    book.      By 

p.  H.  Delamotte,  F.S.A.  Progressively  arranged.  New 
Edition  improved.  Crown  8vo.  35.  6(i. 
Ellis. — SKETCHING  FROM  NATURE,  A  Handbook  for 
Students  and  Amateurs.  By  Tristram  J.  Ellis.  With  a 
Frontispiece  and  Teh  Illastration«?,  by  H.  Stacy  Marks, 
R.A.,  and  Twenty-seven  Sketches  by  the  Author.  Crown  8vo. 
2J.  6(i,     {Art  at  Home  Series,) 

Hunt.— TALKS  ABOUT  ART.     By  William  Hunt.     With  a 
Letter  from  Sir  J.  E.  Millais,  Bart.,  R.  A.     Crown  8vo.    3J.  6d, 

Taylor.— A    PRIMER    OF    pianoforte  playing.     By 
Franklin  Taylor.    Edited  by  Sir  George  Grove.    i8mo.     is. 

WORKS  ON  TEACHING. 

Blakiston — the  TEACHER.     Hints  on   School  Management. 

A  Handbook  for    Managers,   Teachers*  Assistants,    and    Pupil 

Teachers.     By  J.  R.  Blakiston,  M.A.    Crown  8vo.     2s.  6d. 

(Recommended    by    the    London,    Birmingham,    and    Leicester 

School  Boards.) 
*•  Into  a  comparatively  small  book  he  has  crowded  a  great  deal  of  exceedingly 
useful  and  sound  advice.    It  is  a  plain,  common-sense  book,  full  of  hints  to  the 
teacher  on    the    management  of  his  school  and  his  children."— School  Board 
Chronicle. 

CalderwOOd — on  teaching.  By  Processor  Henry  Calder- 
WOOD.     New  Edition.     Extra  fcap.  8va  .  2s,  6d, 
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Carter. — eyesight  in  schools,  a  Paper  read  before  the 
Association  of  Medical  Officers  of  Schools  on  April  15th,  1885. 
By  R.  Brudenell  Carter,  .F.R.C.S.,  Ophthalmic  Suigeon  to 
SL  George's  Hospital.     Crown  8vo.     Sewed,     is, 

Fearon.— SCHO9L  INSPECTION.  By  D.  R.  Fearon,  M.A., 
Assistant  Commissioner  of  Endowed  Schools.  New  Edition. 
Crown  8vo.     2s.  6d, 

Gladstone.— OBJECT  teaching,  a  Lecture  deUvered  at 
the  Pupil-Teacher  Centre,  William  Street  Board  School,  Ham- 
mersmith. By  J.  H.  Gladstone,  Ph.D.,  F.R.S.,  Member  of 
the  London  School  Board.  With  an  Appendix.  Crown 
8vo.     3^. 

"It  is  a  short  but  interesting  and  instructive  pubLcation,  and  oar  younger 
teachers  will  do  well  to  read  it  carefully  and  thoroughly.  There  is  much  m  these 
iew  pages  which  they  can  learn  and  profit  by."— The  School  Guardian. 

Hertel.— OVERPRESSURE  IN  HIGH  SCHOOLS  IN  DEN^ 
MARK.     By  Dr.   Hertel,  Municipal  Medical  Officer,  Copen- 
hagen    Translated  from  the  Danish  by  C.  Godfrey  Sorensen. 
•    With  Introduction  by  Sir  J.  Crichton-Browne,  M.D.,  LL.D., 
F.R.S.     Crown  Svo.     3^.6^/. 
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Abbott   (Rev.    E.    A.)— BIBLE    LESSONS.      By  the  Rev. 
E.  a.  Abpott,  D.D.,   Head   Master  of  the  City  of  London 
SchooL    New  Edition.     Crown  Svo.    4s,  6d. 
"Wise,    suggestive,    and    really   profound   initiation    into  religious   thought." 

— GUASOIAN. 

Abbott— Rushbrooke. — THE  COMMON  TRADITION  OF 
THE  SYNOPTIC  GOSPELS,  in  the  Text  of  the  Revised 
Version.  By  Edwin  A.  Abbott,  D.D.,  formerly  Fellow  of  St. 
John's  College,  Cambridge,  and  W.  G.  Rushbrooke,  M.L., 
formerly  Fellow  of  St.  John's  College,  Cambridge.     Crown  8vo» 

The  Acts  of  the  Apostles.  —  Being  the  Greek  Text  as 
revised  by  Professors  Wkstcott  and  HoRT.  With  Explanatory 
Notes  for  the  Use  of  Schools,  by  T.  E.  Page,  M.A.,  late  Fellow 
of  St  John's  College,  Cambridge ;  Assistant  Master  at  the  Charter- 
house.    Fcap.  Svo.     4r.  6d» 
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Arnold.  —  a  bible-reading   for  schools.  —  THE 

GREAT  PROPHECY  OF  ISRAEL'S  RESTORATION 
(Isaiah,  Chaptere  xL— Ixvi.).  Arranged  and  Edited  for  Young 
Learners.  By  Matthew  Arnold,  D.C.L.,  formerly  Professor 
of  Poetry  in  the  University  of  Oxford,  and  Fellow  of  Oriel 
New  Edition.     i8mo,  cloth,     is. 

ISAIAH  XL.— LXVI.  With  the  Shorter  Prophecies  allied  to  it. 
Arranged  and  Edited,  with  Notes,  by  Matthew  Arnold. 
Crown  8vo.     $s. 

ISAIAH  OF  JERUSALEM,  IN  THE  AUTHORISED  ENG- 
LISH VERSION.  With  Introduction,  Corrections,  and  Notes. 
Bv  Matthew  Arnold.    Crown  8vo.    4s,  6d, 

Benham. — a  companion  to  the  LECTIONARY.  Being 
a  Commentary  on  the  Proper  Lessons  for  Sundays  and  Holy  Days. 
By  Rev.  W.  Benham,  B.D.,  Rector  of  S.  Edmund  with  S. 
Nicholas  Aeons,  &c.    New  Edition.    Crown  8vo.    4s.  6^. 

Cassel.— MANUAL  OF  JEWISH  HISTORY  AND  LITERA- 
TURE ;  preceded  by  a  BRIEF  SUMMARY  OF  BIBLE  HIS- 
TORY. By  Dr.  D.  Cassel.  Translated  by  Mrs.  HenrV  Lucas. 
Fcap.  8vo.     2s,  6d, 

Cheetham.— A  CHURCH  HISTORY  OF  THE  FIRST  SIX 
CENTURIES.  By  the  Ven.  Archdeacon  Cheetham. 
Crown  8vo.  {/n  the  press. 

Cross. — BIBLE  READINGS  SELECTED  FROM  THE 
PENTATEUCH  AND  THE  BOOK  OF  JOSHUA.  By 
the  Rev.  John  A.  Cross.     Globe  8vo.     2s.  6d. 

Curteis.— MANUAL  OF  THE  THIRTY-NINE  ARTICLES. 
By  G.  H.  Curteis,  M.A.,  Principal  of  the  Lichfield  Theo- 
logical College.  ]_In  preparation. 

Davies, — the  epistles  of  st.  paul  to  the  ephe- 

STANS,  THE  COLOSSIANS,  AND  PHILEMON;  with 
Introductions  and  Notes,  and  an  Essay  on  the  Traces  of  Foreign 
Elements  in  the  Theology  of  these  Epistles.  By  the  Rev.  J. 
Llewelyn  Davies,  M.A.,  Rector  of  Christ  Church,  St.  Mary- 
lebone;  late  Fellow  of  Tri  ity  College,  Cambridge.  Second 
Edition.     Demy  8yo»     yj.  6d, 

Drummond. — the  study  of  theology,  intro- 
duction TO.  By  James  Drummond,  LL.D.,  Professor  rf 
Theology  in  Manchester  New  College,  London.     Crown  8vo.     5^. 

Gaskoin.— THE  CHILDREN'S  TREASURY  OF  BIBLE 
STORIES.  By  Mrs.  Herman  Gaskoin.  Edited  with  Preface 
by  Rev.  G.  F.  Maclear,D.D.  Part  L— OLD  TESTAMENT 
HISTORY.  i8mo.  u.  Part  II.— NEW  TESTAMENT.  i8mo. 
IS.  Part  III.— THE  APOSTLES :  ST.  JAMES  THE  GREAT. 
ST.  PAUL»  AND  ST.  JOHN  THE  DIVINE.     i8mo.     \s. 
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Golden  Treasury  Psalter.— students'  Edition.    Being  an 

Edition  of   "The    Psalms    Chronologically  arranged^  by    Four 
Friends,"  with  briefer  Notes.     i8mo.     jf.  6d. 

Greek   Testament. — Edited,    with   introduction   and   Appcn* 
dices,  by  Canon    Westcott  and  Dr.  F.  J.  A.  Hort.      T»vo 
Vols.     Crown  8vo.     lar.  6d,  each. 
Vol.  L  The  Text. 

Vol.  II.  Introduction  and  Appendix. 
Greek  Testament. — Edited  by  Canon   Westcott  and    Lnr. 
Hort.     School  Editidn  of  Text.     i2mo.  cloth.     4^  6df.     iSmow 
roan,  red  edges.     5^.  6d, 

Greek  Testament. — ^the  acts  of  the  apostles. 

Being  the  Greek  Text  as  revised  by  Drs.  Westcott  and  Hort. 
With  Explanatory  Notes  by  T.  E.  Page,  M.  A.,  Assistant  Master 
at  the  Chartehouse.     Fcap.  8vo.     4*.  6e/. 

The  Greek  Testament  and  the  English  Version, 

a  Companion  to.  By  Philip  Schafp,  D.D.,  President 
of  the  Amei'ican  Committee  of  Revision.  With  Facsimile 
Illustrations  of  MSS..  and  Standard  Editions  of  the  New  Testa- 
ment.   Crown  Svo.     I2s, 

Hardwick. — Works  by  Archdeacon  Hardwick  :— 
A  HISTORY  OF  THE  CHRISTIAN  CHURCH.  Middle 
Age.  From  Gregory  the  Great  to  the  Excommunication  of 
Lutter.  Edited  by  Wiluam  Stubbs,  M.A.,  Regius  Professor 
of  Modem  History  in  the  University  of  Oxford.  With  Four 
Maps.  New  Edition.  Crown  Svo.  loj.  6d, 
A  HISTORY  OF  THE  CHRISTIAN  CHURCH  DURING 
THE  REFORMATION.  Fifth  Edition.  Edited  by  Professor 
Stubbs.     Crown  Svo.     lor.  6d. 

Jennings  and  Lowe.— the  PSALMS,  WITH  INTRO- 
DUCTIONS AND  CRITICAL  NOTES.  By  A.  C.  Jennings^ 
M.A. ;  assisted  in  parts  by  W.  H.  Lowe,  M.A.  In  2  vols. 
Second  Edition  Revised.     Crown  Svo.     lOj.  6d,  eacb. 

Light  foot. — Works  by  the  Right  Rev.  J.  B.  Lightfoot,  D.D., 

D.C.L.,  LL.D.,  Lord  Bishop  of  Durham. 
ST.  PAUL'S  EPISTLE  TO  THE  GALATIANS.     A  Revised 

Text,  \iith    Introduction,     Notes,    and    Dissertations.      Eighth 

Edition,  revised.     Svo.     12s. 
ST.  PAUL'S  EPISTLE  TO  THE  PHILIPPIANS.     A  Revised 

Text,    with    Introduction,    Notes,     and    Dissertations.      Eighth 

Edition,  revised.    Svo.     12s. 
ST.   CLEMENT    OF  ROME— THE    TWO    EPISTLES   TO 

THE  CORINTHIAN  S.    A  Revised  Text,  with  Introduction  and 

Notes.    Svo.     8j.  tJ. 
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JLlghtfoot,— Works  by  Rev.  J.  B.  Lightfoot,  D.  D.  ,&c.  {continued)— 
ST.  PAUL'S  EPISTLES  TO  THE  COLOSSI ANS  AND  TO 

PHILEMON.     A  Revised   Text,    with    Introductions,     Notes, 

and  Dissertations.     Seventh  Edition,  revised.     8vo.     lax. 
THE    APOSTOLIC    FATHERS.     Part  II.     S.    IGNATIUS— 

S.   POLYCARP.      Revised  Texts,   with    Introductions,   Notes, 

Dissertations,  and  Translations.     2  volumes  in  3.     Demy  8vo.  48^. 
Maclear. — Works  by  the  Rev.  G.  F.  Maclear,  D.D.,  Warden  of 

St.  Augustine*s  College,  Canterbury,  and  late  Head-Master  of 

King*s  College  School,  London  : — 
A  CLASS-BOOK  OF  OLD  TESTAMENT  HISTORY.     Nev*- 

Edition,  with  Four  Maps.     i8mo.     4J.  (>d. 
A     CLASS-BOOK     OF    NEW     TESTAMENT     HISTORY, 

including  the    Connection  of  the    Old    and    New  Testaments. 

With  Four  Maps.     New  Edition.     i8mo.     5^.  (id, 
A  SHILLING  BOOK  OF    OLD    TESTAMENT    HISTORY, 

for  National  and  Elementary  Schools.     With  Map.     i8mo,  cloth. 

New  Edition. 
A  SHILLING  BOOK  OF  NEW  TESTAMENT  HISTORY, 

for  National  and  Elementary  Schools.     With  Map.     i8mo,  cloth. 

New  Edition. 
These  works  have  been  carefully  abridged  from  the  Author*; 

large  manuals. 
CLASS-BOOK  OF  THE  CATECHISM  OF  THE  CHURCH 

OF  ENGLAND.     New  Edition.     i8mo.     u.  ed. 
A  FIRST  CLASS-BOOK   OF  THE  CATECHISM   OF  TH?: 

CHURCH  OF  ENGLAND.     With  Scripture  Proofs,  for  Junior 

Classes  and  Schools.     New  Edition.     l8mo.     6^/. 
A   MANUAL   OF  INSTRUCTION    FOR  CONFIRMATION 

AND   FIRST    COMMUNION.      WITH    PRAYERS   AND 

DEVOTIONS.     32mo.  cloth  extra,  red  edges.     Zr. 

KCaurice. — the  LORD'S  PRAYER,  THE  CREED,  ANP 
THE  COMMANDMENTS.  A  Manual  for  Parents  and 
Schoolmasters.  To  which  is  added  the  Order  of  the  Scriptures. 
By  the  Rev.  F.Denison  Maurice,  M.A.     i8mo,  cloth,  limp.    \s, 

Procter. — a  HISTORY  OF  the  book  of  COMMON 
PRAYER,  with  a  Rationale  of  its  Offices.  By  Rev.  F.  Procter. 
M.A.  Seventeenth  Edition,  revised  and  enlarged.  Crown  8vo. 
10^.  6d, 

Procter  and  Maclear. — an  elementary  intro- 
duction TO  THE  BOOK  OF  COMMON  PRAYER.  Re- 
arranged and  supplemented  by  an  Explanation  of  the  Morning 
and  Evening  Prayer  and  the  Litany.  By  the  Rev.  F.  PROcrER 
and  the  Rev.  Dr.  Maclear.  New  and  Enlarged  Edition, 
containing  the  Communion  Service  and  the  Confirmation  and 
Baptismal  OfHces.     i8mo.     2J.  6(/. 
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The    Psalms,    with    Introductions    and    Critical 

Notes. — By  A.  C.Jennings,  M.A.,  Jesus  College,  Cambridge, 
Tyrwhitt  Scholar,  Crosse  Scholar,  Hebrew  University  Prizeman, 
and  Fry  Scholar  of  St,  John's  College,  Cams  and  Scholefield 
Prizeman,  Vicar  of  Whittlesford,  Cambs. ;  assisted  in  Parts  by  W. 
Jl.  Lowe,  M.A.,  Hebrew  Lecturer  and  late  Scholar  of  Christ's 
College,  Cambrid^e^  and  Tyrwhitt  Scholar.  In  2  vols.  Second 
Edition  Revised.     Crown  8vo.     lor  6d,  each. 

Ramsay. — ^THE  CATECHISER'S  manual;  or,  the  Church 
Catechism  Illustrated  and  Explained,  for  the  Use  of  Clergy aaen, 
Schoolmasters,  and  Teachers.  By  the  Rev.  Arthur  Ramsay, 
M.A.     New  Edition.     i8mo.     is,  6d. 

Ryle.— AN  INTRODUCTION  TO  THE  CANON  OF  THE 
OLD  TESTAMENT.  By  Rev.  H.  E.  Ryle,  M.A.,  Fellow 
and  Lecturer  of  King's  College,  Cambridge.      Crown  8vo. 

[In  preparation. 

St.  John's  Epistles. — The  Greek  Text  with  Notes  and  Essays, 
by  Brooke  Foss  Westcott,  D.D.,  Regius  Professor  of  Divinity 
and  Fellow  of  King's  College,  Cambridge,  Canon  of  Westminster, 
&c.     Second  Edition  Revised.     8vo.     12s.  6d. 

St.  Paul's  Epistles. — Greek  Text,  with  Introduction  and 
Notes. 

THE  EPISTLE  TO  THE  GALATIANS.  Edited  by  the  Right 
Rev.  J.  B,  LiGHTFOOT,  D.D.,  Bishop  of  Durham.  Eighth 
Edition.    8vo.     12s, 

THE  EPISTLE  TO  THE  PHILIPPIANS.  By  the  same  Editor 
Eighth  Edition     8vo.    I2j. 

THE  EPISTLE  TO  THE  COLOSSIANS  AND  TO  PHI- 
LEMON.    By  the  same  Editor.    Seventh  Edition.     8vo,     12s, 

THE  EPISTLE  TO  THE  ROMANS.  Edited  by  the  Very  Rev. 
C.  J.  Vaughan,  D.D.,  Dean  of  LlandafF,  and  Master  of  the 
Temple.     Fifth  Edition,     Crown  8vo.     7j.  6d, 

THE  EPISTLE  TO  THE  PHILIPPIANS,  with  Translation, 
Paraphrase,  and  Notes  for  English  Readers.  By  the  same  Editor. 
Crown  8vo.     5^. 

THE  EPISTLE  TO  THE  THESSALONIANS,  COMMENT- 
ARY ON  THE  GREEK  TEXT.  By  JohnEadie,  D.D.,  LL.D. 
Edited  by  the  Rev.  W.  Young,  M.A.,  with  Preface  by  Professor 
Cairns.    8vo.     12s, 

THE  EPISTLES  TO  THE  EPHESIANS,  THE  COLOSSIANS, 
AND  PHILEMON;  with  Introductions  and  Notes,  and  an 
Essay  on  the  Traces  of  Foreign  Elements  in  the  Theology  of  these 
Epistles.  By  the  Rev.  J.  Llewelyn  Davies,  M.  A,,  Rector  of 
Christ  Church,  St.  Marylebone ;  late  Fellow  of  Trinity  College, 
Cambridge,     Second  Edition,  revised.     Demy  8vo,     7j,  6d^ 
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The  Epistle  to  the  Hebrews,  in  Greek  and  English. 
With  Critical  and  Explanatory  Notes.  Edited  by  Rev.  Frederic 
Rendall,  M.A.,  formerly  Fellow  of  Trinity  College,  Cambridge, 
and  Assistant- Master  at  Harrow  School.     Crown  8vo.    dr. 

Trench. — Works  by  Richard  Chenevix  Trench,  D.D. 

NOTES  ON  THE  PARABLES  OF  OUR  LORD.  Fourteenth 
Edition,  revised.     8vo.     12s, 

NOTES  ON  THE  MIRACLES  OF  OUR  LORD.  Twelfth 
Edition,  revised.     8vo.     12s, 

COMMENTARY  ON  THE  EPISTLES  TO  THE  SEVEN 
CHURCHES  IN  ASIA.     Fourth  Edition,  revised.    8vo.    Ss.  6cl. 

LECTURES  ON  MEDIEVAL  CHURCH  HISTORY.  Being 
the  substance  of  Lectures  delivered  at  Queen's  College,  London. 
Second  Edition,  revised.     8vo.     I2s, 

SYN9NYMS  OF  THE  NEW  TESTAMENT.  Ninth  Edition, 
revised.     8vo.     12s. 

WestCOtt. — Works  by  Brooke  Foss  Westcott,  D.D.,  Canon  of 
Westminster,  Regius  Professor  of  Divinity,  and  Fellow  of  icing's 
College,  Cambridge. 

A  GENERAL  SURVEY  OF  THE  HISTORY  OF  THE 
CANON  OF  THE  NEW  TESTAMENT  DURING  THE 
FIRST  FOUR  CENTURIES.  Sixth  Edition.  With  Preface  on 
"  Supernatural  Religion.'*    Crown  8vo.     lOf.  6d, 

INTRODUCTION  TO  THE  STUDY  OF  THE  FOUR 
GOSPELS.     Sixth  Edition.     Crown  8vo.     los,  6d. 

THE  BIBLE  IN  THE  CHURCH.  A  Popular  Account  of  the 
Collection  and  Reception .  of  the  Holy  Scriptures  in  the  Christian 
Churches.     New  Edition.     i8mo,  cloth.    47.  6d, 

'  THE  EPISTLES  OF  ST.  JOHN.     The  Greek  Text,  with  Notes 
and  Essays.     Second  Edition  Revised.     8vo.     12s,  6d, 

THE  EPISTLE  TO  THE  HEBREWS.  The  Greek  Text 
Revised,  with  Notes  and  Essays.     8vo.  [In  preparation. 

SOME  THOUGHTS  FROM  THE  ORDINAL.    Cr.  8vo.    is.6d. 

Westcott  and  Hort. — the   new   testament   in 

THE  ORIGINAL  GREEK.  The  Text  Revised  by  B.  F. 
Westcott,  D.D.,  Regius  Professor  of  Divinity,  Canon  of 
Westminster,  and  F.  J.  A.  Hort,  D.D.,  Hulsean  Professor  of 
Divinity ;  Fellow  of  Emmanuel  College,  Cambridge :  late  Fellows 
of  Trinity  College,  Cambridge.   2  vols.    Crown  8vo.    loj.  dd,  each. 

Vol.  I.  Text  • 

Vol.  II.  Introduction  and  Appendix. 
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Westcott  and  Hort.— the  NEW  testament  in  thk 

ORIGINAL  GREEK,  FOR  SCHOOLS.  The  Text  Revised  by 
Brooke  Foss  Westcott,  D.D.,  and  Fenton  John  Anthony 
HoRTyD.D.  i2mo.  cloth.  4^.  6</.  i8mo.  roan,  red  edges.  5^.  6/. 

Wilson.— THE  BIBLE  STUDENT'S  GUIDE  to  the  mor^ 
Correct  Understanding  of  the  English  Translation  of  the  Old 
Testament,  by  reference  to  the  original  Hebrew.  By  William 
Wilson,  D.D.,  Canon  of  Winchester,  late  Fellow  of  Queen's 
College,  Oxford.  Second  Edition,  carefully  revised.  4to. 
doth.     25X. 

Wright.— THE  BIBLE  WORD-BOOK  :  A  Glossary  of  Archaic 
Words  and  Phrases  in  the  Authorised  Version  of  the  Bible  and  the 
Book  of  Common  Prayer.  By  W.  Aldis  Wright,  M.A.,  Fellow 
and  Bursar  of  Trinity  College,  Cambridge.  Seco&d  Edition,  Revised 
and  Enlarged.     Crown  8vo.     7^.  6d, 
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Yonge  (Charlotte  M.).— scripture  readings  for       ^: 

SCHOOLS  AND  FAMILIES.    By  Charlotte   M.  Yonge. 
Author  of  '  *  The  Heir  of  Reddy ffe. "    In  Five  Vols.  1 

First  Series.    Genesis  to  Deuteronomy.    Extra  fcap.    8vo. 
is.  6d.     With  Comment*;,  3^.  6d.  ] 

Second  Series.      From  Joshua   to   Solomon.      Extra   fcap. 
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Third    Series.      The  Kings  and  the  Prophets.     Extra  fcap. 
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Fourth  Series.     The  Gospel  Times,    is,  6d.    With  Comments. 
Extra  fcap.  8vo,  3*.  d^. 

Fifth  Series.      Apostolic  Times.     Extra  fcap.  8vo.     u,  6d,         \ 
With  Comments,  jx.  6df. 

Zechariah— Lowe.— -THE  HEBREW  STUDENT'S  COM-  J 

MENTARY    ON    ZECHARIAH,    HEBREW    AND     LXX  \ 
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